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EXECUTIVE SUMMARY 
 
Recycled concrete aggregate (RCA) was investigated as a partial and full 
replacement of coarse virgin aggregate and partial replacement of fine virgin aggregate 
in concrete for airfield pavement applications. All mixtures explored used a total 
cementitious content of 517 lb/yd3 and a water-to-cementitious ratio of 0.42. In addition, 
mixes were cast to determine the effect of supplementary cementitious materials (fly 
ash, silica fume, and slag) as well as chemical admixtures (set retarder and 
superplasticizer) on the workability and hardened properties (i.e. strength, shrinkage, 
and durability) of RCA concrete. Two mixing procedures were studied, the normal 
laboratory mixing procedure (NMP) and a two-stage mixing approach (TSMA), which 
initially coats the RCA in a cement slurry to improve the initial workability and interfacial 
transition zone between the RCA and paste. 
This laboratory study was divided into five stages. The first stage investigated 
RCA as a partial and full replacement of virgin coarse aggregate to evaluate the effect 
on the workability, concrete strength, and fracture properties. With the implementation of 
the TSMA, the RCA concrete provided an equal or higher slump relative to the virgin 
aggregate. Concrete containing various replacement levels of RCA under TSMA had 
compressive strengths statistically similar to virgin aggregate concrete with the NMP, 
even though the split tensile and fracture properties were reduced for the RCA concrete. 
At early ages the RCA concrete free shrinkage was slightly reduced relative to the virgin 
aggregate concrete (VAC), but at later ages 100% RCA resulted in greater shrinkage 
magnitude and a higher rate of shrinkage than the VAC. Stage I results verified previous 
research for roadways that crushed concrete aggregates even from airfield pavements 
can provide a viable option for new concrete airfield pavements.  
Due to the lower slump values noted with the RCA mixtures, the research in 
Stage II examined strategies to lengthen the working time of RCA mixtures and possibly 
ways to improve working time with higher air temperatures by increasing the concrete’s 
initial slump. As expected, set retarder and higher fly ash contents were found to 
increase the initial slump of the RCA concrete. The rate of slump loss was approximately 
the same for the various strategies including set retarders, Class C and F fly ash, and 
superplasticizers. Set retarders did not generally have an effect on the strength 
development unless higher percentage of fly ash replaced the cement. Overall as the fly 
ash content increased, the strength development was reduced even at 28 days.  
From the second stage, it was noticed that the RCA moisture condition 
significantly affected the initial slump. Stage III studied the effect of the mixing procedure 
(NMP versus TSMA) and initial aggregate moisture state on the virgin aggregate and 
RCA concrete properties. The three moisture conditions examined were saturated 
surface dry (SSD), partial saturation (80-85% SSD), and oven-dry. The TSMA resulted in 
a higher slump relative to the NMP for all initial aggregate moisture conditions. The 
TSMA resulted in a slightly greater mean compressive and split tensile strength for all 
initial aggregate conditions for both VAC and RCA concrete. VAC did produce a higher 
compressive and split tensile strength than RCA concrete when considering all factors 
analyzed. The mixing procedure didn’t significantly affect the measured free shrinkage. 
The mean free shrinkage was slightly greater for the RCA for all aggregate moisture 
states at 112 days but at earlier ages (<28 days) the RCA concrete had a lower free 
shrinkage.  
The fourth stage of the study investigated the effect of higher contents of 
supplementary cementitious materials (fly ash and slag) and the use of RCA fine 
aggregates (RFA) as a partial replacement of virgin fine aggregate. Using only the 
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TSMA, as the RFA content increased so did the required dosage of superplasticizer or 
fly ash content to maintain a constant slump. A statistical analysis showed that the 
compressive, split tensile, and flexural strengths were affected by RFA content and 
amount of supplementary cementitious materials. In general, for concrete with RFA and 
higher supplementary cementitious materials contents, drying shrinkage strains were 
greater at 56 days including the rate of shrinkage relative to VAC and RCA concrete in 
Stage III. 
The final stage of mixtures incorporated coarse and fine RCA with air-entrained 
concrete and various replacement levels of supplementary cementitious materials. The 
permeability and freeze-thaw resistance of the RCA concrete was found to be adequate 
for concrete pavement and behaved similar to virgin aggregate concrete as long as 
sufficient curing time was allowed to develop strength. 
This research confirmed coarse and fine RCA can be successfully utilized as a 
full replacement of coarse aggregate and a partial replacement of fine aggregate in 
airfield concrete and the potential risks can be reduced by minimizing the cementitious 
content and utilizing a pozzolan as partial cement replacement. For airport applications, 
several precautionary steps must be taken to limit the workability and strength 
reductions and to minimize the expected higher shrinkage levels. The main benefit in the 
TSMA was found in its increase in the initial slump of the RCA concrete relative to the 
NMP with also a slight increase in strength. Increased pozzolanic replacement may be a 
strategy to also increase initial workability due to the expected loss in slump with RCA 
coarse and fine materials. Maintaining RCA aggregates near saturation levels will benefit 
the fresh and hardened properties relative to leaving the aggregates near an oven-dry 
condition especially when using a standard mixing procedure. Although shrinkage was 
measured to be similar to lower at earlier ages (<28 days), RCA concrete will have a 
higher ultimate shrinkage and thus the quality of initial curing and selection of the 
appropriate slab geometry and joint transfer device is necessary to avoid premature 
cracking.  
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CHAPTER 1 INTRODUCTION 
 
Recycling operations of construction waste such as concrete can significantly reduce 
landfill consumption, conserve primary resources, and reduce material transport costs. Although 
recycling construction wastes has been used in the United States for over 30 years, recycling of 
concrete wastes in producing recycled aggregate continues to be commercially viable for non-
structural applications (Tam and Tam 2007). Recycling of concrete provides for the effective 
utilization of construction resources while promoting environmental stewardship. At the present 
time, utilization of recycled aggregate in pavement systems is primarily applied to foundation 
support layers for roads and airfields (Saeed et al. 2006; Saeed 2008). It is anticipated that 
there will be a continued rise in the amount of concrete waste materials, a shortage of disposal 
sites, and higher costs for natural aggregate resources. Further investigation of the properties of 
recycled aggregate concrete is necessary to determine the feasibility of use as well as the 
impact on durability of the intended new structures. Examples of recycled aggregate include 
recycled concrete aggregate (RCA), reclaimed asphalt pavement (Brand et al. 2012), and 
general demolition/construction waste. This study focuses entirely on the feasibility of RCA as a 
partial and full replacement of virgin aggregate in concrete pavements for airfield applications.  
Overall, the literature report that RCA is typically of lesser quality compared with virgin 
aggregates. These technical problems include potentially weaker interfacial transition zones 
(ITZ); pores and cracks in the crushed concrete; potentially high levels of sulfates, chlorides, 
and other impurities; unhydrated cement; nonstandard particle size distribution; and higher 
variation in quality (Etxeberria et al. 2006; Tam et al. 2006). There have been an increasing 
number of studies on the influence of RCA as partial or total replacement of virgin aggregates 
and, specifically, its effect on the concrete mechanical properties and durability (Benge et al. 
2008). Very few studies have focused on RCA for airfield rigid pavement surface course 
(Hironaka et al. 1987; Salas et al. 2009a). Compared to virgin aggregate concrete, concrete 
made with RCA can have a reduced density, compressive strength, modulus of elasticity, 
flexural strength, tensile strength, split tensile strength, bond strength as well as an increased 
shrinkage (Tam et al. 2006). The prerequisite of applying RCA to higher performance concrete 
applications such as airports is to minimize these weaknesses.  
RCA differ from virgin aggregates in that they are composed of natural aggregate and 
residual mortar. The old mortar attached to the original natural aggregate is the source of many 
of the RCA concrete weaknesses. Several techniques, such as chemical treatments and 
different crushing processes, have been developed to remove as much as the adhered mortar 
from the RCA. These methods help to produce RCA with higher quality but also generate new 
problems, such acidic solvents, which can lead to new pollutants, and some chemicals increase 
the risk of alkali-aggregate reaction. The main factor influencing the old mortar content, besides 
the type of coarse aggregate, is the crushing operation (Embacher 2001; Tam et al. 2006). The 
type of crusher (e.g., jaw or impact) and the sequence of multiple crushers can minimize the 
amount of attached mortar, and therefore, the RCA quality can be improved. 
The presence of old mortar attached to the RCA surface produces two main problems: 
1) an increase in the RCA particle absorption capacity and 2) a weakness in the adherence 
between RCA and the new cement mortar, which results in a weaker ITZ. According to 
Etxeberria et al. (2006), absorption capacity is the main factor that causes the variation of the 
microstructure of concrete produced using recycled aggregates with respect to conventional 
concrete. A high RCA absorption indicates a high level of adhered mortar, which leads to 
difficulties in controlling the properties of fresh concrete and consequently influences the 
strength and durability of hardened concrete. In order to reduce the influence of the higher 
absorption capacity of RCA, researchers, such as Hansen (1992) and Sagoe-Crentsil et al. 
(2001), have suggested that RCA should be pre-wetted or saturated with water. Poon et al. 
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(2004a) demonstrated that the initial slump and slump loss of an RCA concrete mixture 
depends on the initial moisture condition of the RCA.  
Besides its high absorption capacity, the old mortar adhering to the RCA particle can be 
a weak link between the RCA and new concrete matrix. Li et al. (2012) found that microcracking 
in RCA can occur in the old and new ITZ. Tam et al. (2005) proposed the Two-Stage Mixing 
Approach (TSMA) to strengthen this weakened interface zone. The principle of the TSMA is to 
coat the more porous, old mortar of the RCA with a cement slurry which should provide a 
stronger ITZ by filling in cracks and pores within the RCA. Tam et al. (2005-2008) have reported 
improvements in RCA concrete strength after adopting the TSMA. One potential issue with the 
proposed TSMA is that if the weakest zone is between the old mortar and virgin aggregate in 
the RCA, then the TSMA will likely not prove worthwhile.  
Supplementary cementitious material additions have been shown to improve the ITZ for 
RCA concrete (Etxeberria et al. 2007; Kong et al. 2010). Tam et al. (2008) and Kong et al. 
(2010) suggested that the use of certain amounts of supplementary cementitious materials 
(such as silica fume, slag, or fly ash) in the concrete mixture (combined with a multi-stage 
mixing process) enhanced the properties of RCA concrete. According to Hansen (1990), if the 
original concrete had a higher cement content, then after crushing it should retain additional 
binding abilities (due to unhydrated cement grains). The unhydrated cement eventually reacts to 
form new hydration products and, specifically, the calcium hydroxide can react with the mineral 
admixtures to further improve the hardened properties of the RCA concrete. 
 
1.1 RESEARCH OBJECTIVES 
The purpose of this research was to evaluate RCA concrete mixtures suitable for airfield 
concrete pavement construction using the Two-Stage Mixing Approach versus the normal 
mixing procedure and subsequently determine the effects of RCA on the fresh and hardened 
properties of the concrete compared to the results using virgin aggregates. Various concrete 
mixtures with different percentages of virgin aggregate and RCA as well as with the addition of 
supplementary cementitious materials as partial replacement of cement were prepared. The 
ultimate objective of this study was to ascertain the viability of RCA concrete as a rigid 
pavement surface material for airfield applications.  
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CHAPTER 2 EXPERIMENTAL PROGRAM 
 
The experimental program of the project was divided in five stages, summarized as 
follows:  
I. During the first stage, RCA was used as replacement for natural virgin aggregate to 
determine the effects on the fresh and hardened concrete properties with the Two-Stage 
Mixing Approach (TSMA) proposed by Tam et al. (2008) being used for all of the 
mixtures except the virgin aggregate control mix. Various concrete mixtures were 
prepared with different percentages of coarse RCA and supplementary cementitious 
materials as a partial replacement of cement.  
II. The second stage consisted of a study on the effect of chemical admixtures and 
supplementary cementitious materials on the slump and the compressive strength of 
RCA concrete mixtures. Mixes with Class C and Class F fly ash, setting retarder, and 
superplasticizer were prepared in order to increase the workability and to extend the 
working time of the RCA mixes.  
III. The third stage evaluated the effect of the initial aggregate moisture content and mixing 
process on the behavior of concretes incorporating virgin aggregate and RCA. Mixes 
with 100% natural aggregates and 100% RCA were prepared using the TSMA and the 
normal mixing procedure (NMP) recommended by ASTM C192 (2007) in order to 
determine if there is any measurable difference in the behavior (fresh and hardened 
properties) of concrete made with those mixing procedures.  
IV. The fourth stage of the project included the study on the effect of different percentages 
of RCA fine aggregate (RFA) content on the fresh and hardened properties of RCA 
concretes as well as replacement of cement with higher volume percentages of 
supplementary cementitious materials (Class C fly ash and slag) in order to improve the 
workability and long-term properties of RCA concrete. 
V. The last stage of the project evaluated the permeability and freeze-thaw durability of 
selected air-entrained RCA concrete mixtures described above.  
During the five stages of the project, the experimental work included the following five basic 
steps: 
a. Separation of the crushed concrete obtained from O’Hare International Airport in 
Chicago by different sizes through sieving of the crushed concrete material. 
b. Characterization of recycled concrete aggregates physical properties (specific gravity, 
bulk density, moisture content, and absorption). 
c. Design of workable concrete mixtures from natural aggregates or RCA with different 
percentages of chemical admixtures and supplementary cementitious materials. 
d. Testing fresh properties of each concrete mixture (air content, unit weight, and slump). 
e. Testing of specimens for strength and shrinkage at short and long-term ages. 
 
2.1 MATERIALS 
2.1.1 Cementitious Materials 
The cementitious materials utilized in this research included Type I Portland cement, 
Class C fly ash, Class F fly ash, Grade 100 ground granulated blast furnace slag, and silica 
fume. The chemical and physical characteristics of the cementitious materials are given in Table 
1 and Table 2Error! Reference source not found., respectively (Salas et al. 2009b). 
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Table 1. Chemical Properties of Cementitious Materials  
 
Type I Portland 
Cement (%) 
Class C Fly 
Ash (%) 
Class F Fly 
Ash (%) 
Silica 
Fume (%) 
SiO2 20.2 34.00 53.84 90.00 
Al2O3 4.8 17.76 15.02 0.46 
Fe2O3 3.4 6.01 6.82 4.57 
CaO 63.3 28.04 13.55 0.49 
MgO 2.4 6.25 4.77 0.68 
SO3 3.1 1.75 0.67 - 
TiO2 - 1.20 0.42 0.02 
Na2O - 2.06 2.04 0.05 
K2O - 0.45 2.38 1.69 
Total Alkalis 0.59 - - - 
C3S 67 - - - 
C2S 7 - - - 
C3A 7 - - - 
C4AF 7 - - - 
Fineness (Blaine, 
m2/Kg) 379 - - - 
Initial set (min) 119 - - - 
Final Set (min) 263 - - - 
 
Table 2. Physical Properties of Cementitious Materials 
Material Portland Cement 
Class C 
Fly Ash Slag Silica Fume 
Specific Gravity 3.15 2.5 2.9 2.2 
Specific surface (m2/kg) 272 410 450 20,000 (BET) 
 
2.1.2 Aggregates 
Natural and recycled aggregates were used as the coarse and fine aggregates in the 
concrete mixes. Crushed limestone was used as natural coarse aggregate. Two individual 
gradations were used for the coarse natural aggregate, a coarser one with a maximum size of 
3/4 inches, with a similar gradation to the CA-7 specified by the Illinois Department of 
Transportation (IDOT 2007), and an intermediate size aggregate with a maximum size of 3/8 
inches, similar gradation to IDOT CA-16 (IDOT 2007). The coarse aggregates were blended in 
order to produce a well-graded aggregate to minimize the water demand, provide and maintain 
adequate workability, improve consolidation, and minimize finishing effort. The fine aggregate 
was natural river sand with a gradation similar to IDOT FA-02 (IDOT 2007). The RCA was 
obtained from a recycling operation located at the O’Hare International Airport in Chicago, 
Illinois, and separated into individual sizes at the University of Illinois through sieving of the 
crushed concrete material. The coarse RCA was then re-blended in order to fit the combined 
gradation obtained with the virgin coarse aggregates (see Table 3). Figure 1 shows the grading 
of the virgin coarse aggregates (CA-7 and CA-16) and the combined virgin aggregate gradation 
used as reference for the RCA. The gradation of the virgin fine aggregate and the RCA fine 
aggregate (RFA) can be found in Table 4 and Figure 2. The RFA was not separated into 
individual particle size like the coarse RCA was, but rather the RFA was used in the condition 
and gradation that it was delivered from the crusher.  
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Figure 1. Individual coarse aggregate gradations and combined target (RCA) grading for the 
concrete mixtures.  
 
 
Figure 2. Fine aggregate gradations for the virgin fine aggregate (sand) and RCA fine aggregate 
(RFA). 
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Table 3. Sieve Analysis of Virgin Coarse Aggregate Gradation and Target RCA Gradation 
Sieve 
% Cumulative Passing 
Natural 
Coarse 1 
Natural 
Coarse 2 
Combined Grading 
of CA-7 and CA-16 
for RCA U.S. mm CA-16 CA-7 
3/4 in 19 100% 83% 93% 
1/2 in 12.5 100% 20% 66% 
3/8 in 9.5 95% 6% 59% 
#4 4.75 41% 1% 47% 
#8 2.36 6% 0% 31% 
#16 1.18 2% 0% 19% 
#30 0.6 1% 0% 10% 
#50 0.3 1% 0% 1% 
#100 0.15 1% 0% 0% 
 
Table 4. Sieve Analysis of Virgin and RCA Fine Aggregate Gradations 
Sieve 
% Cumulative Passing 
Natural Sand 
Fine Aggregate 
RCA Fine 
Aggregate 
U.S. mm FA-02 - 
3/8 in 9.5 100% 100% 
#4 4.75 92% 87% 
#8 2.36 68% 65% 
#16 1.18 42% 44% 
#30 0.6 21% 30% 
#50 0.3 2% 19% 
#100 0.15 0% 12% 
#200 0.075 0% 9% 
 
  Table 5 shows the bulk specific gravity and absorption capacity of the virgin and 
recycled aggregates. As can be clearly seen, the RCA coarse and fine aggregates (RFA) have 
a lower specific gravity and a higher absorption capacity than virgin aggregates. In particular the 
RFA has a significantly higher absorption capacity than the virgin fine aggregate.  
 
Table 5. Fine and Coarse Aggregates Physical Properties 
Aggregate Bulk Specific Gravity 
Absorption 
Capacity (%) 
RCA Coarse Aggregate 2.41 5.51 
RCA Fine Aggregate (RFA) 2.20  9.85 
Virgin Coarse (CA-7) 2.67 1.90 
Virgin Coarse (CA-16) 2.68 2.73 
Virgin Fine (FA-02) 2.57 2.43 
 
The coarse RCA was evaluated for reclaimed mortar content (RMC). Since no standard 
exists to determine RMC, the RMC was determined following a method described by Abbas et 
al. (2009) in which the RCA was immersed in sodium sulfate solution while undergoing freezing 
and thawing cycles. The sodium sulfate solution was prepared in a manner similar to that for an 
aggregate soundness test (ASTM C88 2005), which was 26% (by weight) of anhydrous sodium 
sulfate dissolved in distilled water. The RMC test was conducted on five RCA sizes: those 
retained on the 4.75, 9.5, 12.7, 19, and 25 mm sieves. Around 1000 grams of RCA from each 
size was placed in a separate container, and then was then oven-dried at 105°C for 24 hours. 
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The oven-dried samples were then weighted to give the initial oven-dry mass of each fraction of 
RCA before testing. The sodium sulfate solution was then added to the containers with each 
size fraction, which were then covered and left out in the ambient laboratory temperature for 24 
hours. Following this, each container was moved to a refrigerator at -17°C for 16 hours then into 
an oven at 80°C for 8 hours. This process was continued through 5 cycles and after this the 
solution was drained from the RCA. The RCA was then rinsed with water over a 2.36 mm sieve 
in Test 1, and over a 1.18 mm sieve in Test 2. Thorough washing was done to ensure the 
removal of any sodium salt forming on the RCA. RCA that still had large amounts of visible 
mortar were pulled apart but this was not always a successful means to remove visible mortar 
from the aggregate. The remaining RCA was then dried for 24 hours in an oven at 105°C. The 
oven-dried samples were then weighted to give the final oven-dry mass of each fraction of RCA 
before testing. The RMC was then calculated as follows, where Wi is the initial RCA weight and 
Wf is the final weight after 5 cycles of freezing and thawing in sodium sulfate solution: 
ܴܯܥ ൌ ௜ܹ െ ௙ܹ
௜ܹ
 
The RMC values can be found in Table 6. Based on the RCA gradation, the average RMC of 
the RCA coarse aggregate stockpile is 26.4%, based on Test 1, and 11.5% based on Test 2. 
The weighted average of the RMC for the typical RCA stockpile is 19.0%.  
 
Table 6. Reclaimed Mortar Content (RMC) of the RCA Coarse Aggregates 
RCA Size 
(mm) 
Test 11 Average 
RMC (%) 
Test 22 Average 
RMC (%) 
Average 
RMC (%) 
4.75 31.15 20.63 25.89 
9.5 33.02 21.71 27.37 
12.7 29.65 11.04 20.34 
19 23.79 7.76 15.77 
>=25 19.06 6.83 12.95 
1 RCA washed over a 2.36 mm (#8) sieve at the end of the test 
2 RCA washed over a 1.18 mm (#16) sieve at the end of the test 
 
2.1.3 Chemical Admixtures 
For all project stages, a polycarboxylate-based ASTM C494 Type F and ASTM C1017 
Type I plasticizing agent (ADVA Cast 575) was used as a superplasticizer to target the slump at 
4±2 inches. A water-reducing and retarding admixture (Daratard 17) was used occasionally to 
temporarily suppress the hydration reaction and delay set times of the cementitious materials. In 
Stage V of the project, an air-entraining admixture (AEA) was utilized (Daravair 1400).  
 
2.2 CONCRETE PRODUCTION 
2.2.1 Moisture Condition 
Three different initial aggregate moisture states were used for the virgin and recycled 
aggregates during the different stages of the project: oven-dry (OD), partially-saturated (with 80-
85% of absorbed water with respect to absorption capacity), and saturated surface dry (SSD). In 
order to obtain  the partially-saturated state, the aggregates were sprayed with water to saturate 
for 24 hours prior to mixing and then placed on top of a plastic sheet in a room under controlled 
temperature of 25±3°C and a relative humidity of 50±5% to let the excess water evaporate. The 
moisture contents of the aggregates were then determined by following the method described in 
ASTM C566 (2004). The concrete mix water was adjusted daily, based on the difference 
between the ASTM C566 moisture content and the absorption capacity: 
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ܲ ൌ 100 ∗ ሺݓ െ ܦሻܦ  
Where: 
P = total evaporable moisture content of sample, percent, 
w = mass of original sample, g, and 
D = mass of dried sample, g. 
 
2.2.2 Batching Methodology 
The concretes were produced using a low shear counter-current pan mixer with a 
capacity of 2 cubic feet. Two different mixing procedures were used during the different phases 
of the study, the normal mixing procedure specified by the ASTM C192 (2007) and the Two-
Stage Mixing Approach (TSMA) proposed by Tam et al. (2008). 
 
2.2.2.1 Normal Mixing Procedure (NMP) 
The normal mixing process followed ASTM C192 (2007). The coarse aggregate was 
added to the mixing pan with about one-third of the mix water. The aggregate was then mixed 
for about 30 seconds for aggregate saturation. Mixing was then stopped and the cementitious 
materials and fine aggregate were added to the pan. While mixing, the remainder of the water 
was slowly added. The final mixture was mixed for 3 minutes, rested for 3 minutes, and mixed a 
final 2 minutes. When used, the superplasticizer and/or retarding admixtures were added slowly 
during the first 3 minutes of mixing.  
 
2.2.2.2 Two-Stage Mixing Approach (TSMA)  
The concrete mixing procedure is divided into multiple stages in order to generate a thin 
layer of cement slurry on the surface of the RCA, which is expected to permeate into the pores, 
voids, and cracks in the residual mortar and aggregate components of the RCA. The objective 
of the TSMA proposed by Tam et al. (2008) is to strengthen the ITZ between the RCA and the 
new cement paste, which has been reported as the weakest zone in RCA. Figure 3 shows the 
TSMA step-by-step as was utilized in this research for batching and mixing RCA concrete. 
During the first stage, RCA, RFA, and cementitious material(s) were mixed for one minute 
followed by the addition of half of the required water and subsequent mixing for an additional 
minute. In the second stage, the virgin fine aggregate, any virgin coarse aggregates, the 
remaining mix water with the chemical admixtures were added and mixed for a final two 
minutes. The TSMA was compared with the conventional laboratory mixing procedure (NMP) as 
noted in the preceding section. 
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Figure 3. The Two-Stage Mixing Approach (TSMA) for concrete mixing with RCA. 
 
2.3 SPECIMENS CASTING AND CURING 
Depending on the project stage, 4x8-inch cylinders, 6x6x21-inch beams, and 3x3x11.25-
inch prisms were cast. The cylinders were used to evaluate the split tensile strength, static 
modulus of elasticity, and compressive strength of concrete. The beams and prisms were used 
to determine the flexural strength and drying shrinkage, respectively. Additionally, for the first 
stage of the study, single-edge notched beam [SEN(B)] specimens were used to determine the 
initial fracture parameters and the total fracture energy. 
The cylindrical specimens were cast in plastic molds and the beams and prisms in 
metallic molds. The fresh concrete was compacted following ASTM C192. After demolding, the 
specimens were stored in an environmental chamber with a temperature of 75°F and a relative 
humidity of approximately 98%.  
 
2.4 TESTS OF HARDENED CONCRETE 
2.4.1 Compressive and Split Tensile Strengths 
The compressive and split tensile strengths of concrete were determined following 
ASTM C39 (2010) and ASTM C496 (2004), respectively. The tests were performed using a 
Forney universal testing machine model QC-0410 with a capacity of 400,000 lbf at loading rates 
of 30,000 and 8,000 pounds per minute for the compressive and split tensile tests, respectively.  
 
2.4.2 Flexural Strength 
Flexural strength of concrete under third-point loading was measured using 6x6x21 inch 
beams following the standard specification ASTM C78 (2010). The tests were performed using 
a Forney universal testing machine model QC-0410 with a capacity of 400,000 lbf at a loading 
rate of 1,000 pounds/minute. This test was carried out during the third and fourth stages of the 
project at an age of 28 days. 
 
2.4.3 Drying Shrinkage 
In the laboratory, a modified ASTM C157 (2008) method was used to measure the total 
free shrinkage of the concrete samples. The changes in length of 3x3x11.25-inch concrete 
prisms were measured with a digital gauge. Each specimen was fitted with a steel gage stud 
with a rounded tip at both ends. The specimens were demolded 24 hours after casting and the 
specimens were placed in the curing room at 50% relative humidity and 73°F. As soon as the 
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shrinkage specimens were placed in the drying environment, the initial measurement was taken. 
Measurements of the concrete prisms were taken at 1, 4, 7, 28, 56, 90 and 112 days. For each 
age, three specimens were used, and the average value of these three was taken as the 
shrinkage of the concrete. The only modification of ASTM C157 is that the specimens were 
removed from the molds and immediately placed in the drying room rather than curing the 
specimens for 28 days prior to placing them in the drying room. 
 
2.4.4 Single Edge Notched Beam Fracture 
In order to determine the concrete’s fracture parameters, three-point bending single-
edge notched beam tests were performed using the Two Parameter Fracture Model by Jenq 
and Shah (1985) to determine the critical fracture toughness and crack tip opening 
displacement and the total fracture energy was calculated based on Hillerborg’s method (1985). 
The total fracture energy is defined as the amount of energy necessary to create a crack of unit 
surface area projected in a plane parallel to the crack direction. 
Three specimens from each mixture were cast. The dimensions of all beams were 
150x80x700 mm, with a testing span of 600 mm. Before testing the beam specimens, a notch of 
approximately 50 mm was saw-cut at the mid-span bottom of the beam. A closed-loop servo-
controlled testing machine equipped with channels for data acquisition and a load cell of 50 kN 
capacity was used. The SEN(B) test set-up is shown in Figure 4. 
 
 
Figure 4. Test set-up for the single edge notched beam fracture test. 
 
All the specimens were tested under crack-mouth opening displacement (CMOD) 
control, which allowed the acquisition of the full load–deflection curves for all specimens. For 
measuring small notch opening displacements (less than 4 mm) a clip gage was utilized while 
for larger opening displacements, up to 25 mm, a yo-yo gage was attached to the side of the 
beam (see Figure 4). 
 
2.4.5 Rapid Chloride Penetrability Test 
The chloride penetrability of concrete was determined in accordance with ASTM C1202 
(2010) using a 4 inch diameter by 2 inch thick concrete disc cut from a standard 4x8 inch 
concrete cylinder. Once the discs were cut, they were air dried for 24 hours and then the outside 
circumference was coated in epoxy (see Figure 5). After the epoxy had set, the discs were 
immersed in de-aerated water in a vacuum desiccator for at least 24 hours before being tested. 
The resistance of concrete to chloride ion penetration is represented by the total charge passed 
in coulombs during a test period of 6 hours with one face of the concrete exposed to 3% sodium 
chloride (NaCl) solution and the other face exposed to 0.3N sodium hydroxide (NaOH) solution. 
In this study, the chloride ion penetrability test was carried out on the concrete specimens after 
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an age of 56 days. According to ASTM C1202, 2000-4000 Coulombs of charge passed 
corresponds to a moderate chloride penetrability rating, 1000-2000 Coulombs corresponds to a 
low rating, and 100-1000 Coulombs is a rating of very low.  
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 5. Sample preparation consisted of (a) cutting and labeling the specimens, (b,c) epoxy 
coating and curing on the outside circumference of each specimen, and (d) placing the 
specimens in the vacuum desiccator. For the rapid chloride penetration test, the specimens 
were immersed in de-aerated water in the desiccator and for the air permeability test, the 
specimens remained dry in the desiccator.  
 
2.4.6 Air Permeability Test 
The air permeability test was done using the AutoClam Permeability System developed 
by Basheer et al. (1992). The AutoClam device can be used to measure the air and water 
permeability and the water absorption (sorptivity) of concrete. For the air permeability test, the 
rate of decay of the air pressure is recorded and indicates the permeability of the surface of the 
material. 
The basic principle of the air permeability device can be explained with Figure 6. The 
base ring isolates a 50 mm diameter test area from atmospheric conditions. Once fixed to the 
surface, the pressure inside the apparatus is increased slightly above 500 mBar and the decay 
in pressure is monitored every minute for 15 minutes or until the pressure has diminished to 
zero. A plot of natural logarithm of pressure against time is linear. The slope of the linear 
regression curve between the 5th and 15th minute for tests lasting 15 minutes is used as the 
AutoClam Air Permeability Index (API), with units of Ln(Pressure)/min. Table 7 provides a 
recommended range of AutoClam Permeability Index (API) listed in the AutoClam User’s 
Manual for structural concrete. For structural concrete the API can be expressed in terms of 
intrinsic air permeability, Ka, using the following formula provided by the device’s manufacturer: 
 
ܭ௔ሺ݉ଶሻ ൌ ሺܣܲܫሻ଴.଼଻ହସ ൈ .8754 ൈ 10ିଵ଺ 
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Figure 6. A schematic of the Air Permeability System. Source: AutoClam User Manual 
 
Table 7. Protective Quality Based on the AutoClam Permeability Index 
Protective Quality API (units) 
Very Good ≤0.10 
Good 0.10≤0.50 
Poor 0.50≤0.90 
Very Poor 0.90 
 
A 2-inch diameter slice was taken from the top of a 4x8 inch concrete cylinder and used 
for the air permeability specimen. The subsequent two 2-inch sections were used for rapid 
chloride penetration test and the remaining 2 inches of concrete was discarded. Three 
replicates were tested per mix. The specimens were allowed to surface dry in the air for at least 
one hour and then rapid setting epoxy coating was brushed onto the outer circumferential 
surface of specimen to restrict any air flow. Additional holes in the coating were filled (see 
Figure 5) as in the rapid chloride penetration test. After the epoxy had dried, the specimens 
were placed directly in a vacuum desiccator with the ends of each specimen exposed. The 
pressure in the desiccator was decreased to less than 50 mm Hg (6.65 Pa) within a few minutes 
and maintained for 3 hours. See Figure 5 for a representation of the specimen preparation 
process. 
 
2.4.7 Freeze/Thaw Durability 
The freeze/thaw durability of the concrete was evaluated using ASTM C666 (2008), 
Procedure A, which uses freezing and thawing in water. The concrete specimen is continuously 
surrounded by 1-3 mm of water during the freeze/thaw cycles. The temperature of the 
freeze/thaw chamber was monitored continuously as the temperature cycled between 0 and 
40°F. After no more than 36 freeze/thaw cycles, the specimens were taken out of the chamber 
and placed in a refrigerator at 20°F, which was done to ensure that the specimens were tested 
at the same temperature. Using ASTM C215 (2008), each prism was tested for fundamental 
transverse frequency. The durability factor (DF) was computed after each round of 
approximately 36 cycles. The DF is a function of the transverse frequency at zero freeze/thaw 
cycles (n0) and the transverse frequency at c cycles of freeze/thaw (nc): 
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ܦܨ ൌ ݊௖
ଶ
݊଴ଶ 
The freeze/thaw cycles were continued until 300 total cycles were completed. The specimens 
began freeze/thaw testing after an age of 56 days of being cured in lime-saturated water.  
 
2.5 STATISTICAL ANALYSIS 
Statistical analyses were performed on the parts of the data in various stages of this 
study in order to better quantify and evaluate the effect(s) of RCA on the concrete strength and 
shrinkage. An analysis of variance (ANOVA) was performed to evaluate the equivalence of the 
means. ANOVA is a commonly-used statistical technique for comparing the means of multiple 
groups. In this study, only one-way ANOVA was conducted, with the different mix designs being 
considered the independent variable.  
Since all ANOVA tests in this study revealed that the means were significantly different, 
another analysis technique was utilized to further evaluate the data. The technique used was 
Tukey’s significant difference (TSD) test, which is a test similar to ANOVA in that it compares 
multiple means. The Tukey test utilizes a studentized distribution and the mean squared error, 
as determined from ANOVA (Mason et al. 2003). Two given averages (ݕത௜ and ݕത௝) are 
significantly different if the difference is greater than the value of TSD. 
หݕത௜ െ ݕത௝ห ൐ ܶܵܦ 
The value of TSD can be determined based on the number of observations for the two means 
(ni and nj), the mean squared error (MSE), and the studentized range statistic (q): 
ܶܵܦ ൌ ݍ ቆܯܵா ݊௜
ିଵ ൅ ௝݊ିଵ
2 ቇ
ଵ/ଶ
 
The studentized range statistic is a function of the number of degrees of freedom, the 
significance level, and the number of groups.   
The Tukey test was performed during each stage of the project on all concrete strength 
and shrinkage ages. Since so much data was evaluated, the statistical results from only a few 
test ages are reported in the text, but the remainder of the results can be found in Appendix A. 
The shrinkage statistical results are reported in the text.  
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CHAPTER 3 RESULTS AND DISCUSSION  
 
3.1 STAGE I: THE EFFECTS OF RCA USED AS REPLACEMENT FOR VIRGIN COARSE 
AGGREGATES ON THE FRESH AND HARDENED PROPERTIES OF CONCRETE 
A total of seven different concrete mixtures were designed and batched during the first 
stage of the study using 100% virgin aggregates, 100% recycled coarse aggregates (RCA), and 
blends of 70%-30% and 50%-50% virgin-recycled aggregates (see Table 8). Silica fume was 
added at 2% (by weight of cement) to mixes with 50% and 100% RCA and synthetic macro-
fibers were added at 0.2% (by volume) to a mix with 100% RCA.  
 
3.1.1 Mixture Proportions 
Seven mixtures were designed to assess the fresh and hardened properties of RCA 
concrete as a function of RCA content and mixing procedure. The total cementitious content 
was 517 lb/yd3, which consisted of 80% Type I cement and 20% Class C fly ash. The water to 
cementitious (w/c) ratio was 0.42. These limits were selected based on the initial concrete 
specifications set forth for the O’Hare Modernization Program. Four percentages of recycled 
coarse aggregates were used to replace virgin coarse aggregate: 0, 30, 50 and 100%. Table 8 
shows the final proportions for the seven concrete mixtures. The concrete mixtures contained 
no chemical admixtures for air entrainment or workability enhancement to minimize the number 
of variables to control in the initial study. Synthetic macro-fibers were added at 0.2% volume 
fraction to the 100% RCA mixture to verify its improvement on the concrete’s fracture properties 
(Bordelon et al. 2009). Silica fume (SF) was used to replace 2% of the cement in one mixture to 
determine if the combination of mixing procedure and silica fume would significantly improve the 
bond strength between RCA and new paste. Since the silica fume mixes still contained 20% 
Class C fly ash, this established a ternary blend as part of the study. All mixtures in Table 8 
except the virgin aggregate concrete (VAC) used the TSMA. 
 
Table 8. Concrete Mixture Constituents and Proportions 
 
 
3.1.2 Stage I Results 
3.1.2.1 Fresh Properties 
Table 9 shows the fresh properties of the concrete mixes, which includes slump, air 
content, and unit weight. The slump test value for the 100% RCA concrete was higher than 
expected which indicates the TSMA reduced the negative workability effects associated with 
RCA. The addition of fibers and silica fume reduced the slump test results as expected. The air 
content was relatively unaffected by the replacement of virgin aggregates with RCA. The 
Virgin      
(CA‐7) 43% 1429 30% 997 21% 713 21% 712 0% 0 0% 0 0% 0
Virgin      
(CA‐16) 12% 400 9% 283 6% 202 6% 201 0% 0 0% 0 0% 0
Recycled 0 0 17% 495 28% 825 28% 823 55% 1649 55% 1647 55% 1649
45% 1439 45% 1439 45% 1439 45% 1437 45% 1439 45% 1437 45% 1439
70‐30    
Blend
50‐50    
Blend
50‐50 
Blend+SF
100% RCA 
FRC
VAC
414
0 0
217
398
Coarse 
Aggregate
Water
Type I Cement
Class C Fly ash
217
414
103
0Silica Fume
217
414
103
3
0
0
217
414
103
0 16
217
398
103
16
217
Material
Content (lb/yd3)
0
217
414
103
0
100% RCA 100%      
RCA+ SF
0Synthetic Macrofibers
Fine aggregate
0
103
0
103
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addition of silica fume and fibers slightly reduced the air content. The unit weight results are 
variable and no definitive statement of the effect of RCA can be drawn.  
 
Table 9. Fresh Properties of Virgin and Recycled Coarse Aggregate Concretes in Stage I 
Mix Slump (in) 
Air Content 
(%) 
Unit Weight 
(lb/ft3) 
VAC 5.0 3.2 146.4 
100 RCA 7.0 3.4 149.2 
30 RCA 6.5 3.2 147.2 
50 RCA 4.5 3.2 145.8 
50RCA+SF 2.5 2.5 146.2 
100RCA+SF 3.0 2.5 142.8 
100RCA+Fibers 2.2 2.5 145 
 
3.1.2.2 Compressive Strength 
The reported compressive strength value is the average of three measurements tested 
at the ages of 1, 7, 28 and 90 days, as seen in  
 
 
 
 
 
 
 
 
Table 10 and Figure 7. For all test ages, the compressive strength of the RCA concrete 
was similar to the virgin aggregate concrete. The mean compressive strength of the RCA 
concrete containing silica fume was higher than that of the RCA concrete and VAC, especially 
at 28 and 90 days. An analysis of variance (ANOVA) was done to compare compressive 
strength for all of the mixes at 3, 7, 28, and 90 days, which revealed that the strength means 
were significantly different (Table 11) since the p-value was less than 0.05. The piecewise 
studentized comparison from Tukey’s test is shown for the 28-day results in Table 12. Based on 
the results from the Tukey’s test, the means were ranked and grouped (Table 13) according to 
which means were statistically different. The Tukey results suggest the main difference in the 
means was when RCA was used with silica fume. However, there was no difference in the 
mean compressive strength at 28 days between the 100% RCA and VAC despite the different 
mixing procedure.  
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Table 10. Mean Strength Properties of Virgin and Recycled Aggregate Concretes in Stage I 
  
VAC 70-30 Blend 
50-50 
Blend 
50-50 
Blend + 
SF 
100% 
RCA 
100% 
RCA + 
SF 
100% 
RCA + 
Fibers 
Compressive Strength (psi) 
3 day 1419 1486 1590 1649 1229 1614 1737 
7 days 3663 3606 3792 3876 3813 3958 3928 
28 days 4961 4899 4994 5495 5011 6100 5213 
90 days 6309 6088 6483 6516 6107 6988 6466 
Split Tensile Strength (psi) 
56 days 730.8 667.7 623.8 706.0 536.2 603.8 612.3 
Fracture Properties (56 days) 
Total Fracture Energy 
(N/m) 162.4 157.8 124.9 237.8 94.2 162.9 2171.6 
Peak Load (kN) 4.12 3.83 3.19 4.42 3.41 4.03 3.34 
Concrete Modulus (GPa) 26.78 24.93 22.18 25.86 27.60 27.75 27.75 
Critical Stress Intensity 
Factor (MPa-m1/2) 1.21 1.21 0.89 1.42 1.03 1.21 0.97 
Critical Crack Tip 
Opening Displacement 
(mm) 
0.02 0.03 0.02 0.03 0.02 0.02 0.02 
Initial Fracture Energy 
(N/m) 55.07 59.56 38.98 78.31 38.87 53.09 33.56 
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Figure 7. Compressive strength (psi) of virgin and recycled coarse aggregate concrete for Stage 
I mixing and testing. 
 
 
Table 11. ANOVA Results for Compressive Strength (Stage I) 
Age Degrees of Freedom 
Type I Sum of 
Squares 
Mean 
Squares F Value P Value 
3 6 517257.1429 86209.5238 27.8 <.0001 
7 6 311944.9524 51990.8254 5.74 0.0034 
28 6 3336835.143 556139.19 29.68 <.0001 
90 6 1674524.571 279087.429 20.94 <.0001 
 
Table 12. Tukey’s Test Results for 28-Day Compressive Strength (Stage I) 
i/j 100% RCA 
100% RCA 
+ Fibers 
100% 
RCA + 
SF 
100% 
VAC 
50-50 
Blend 
50-50 
Blend + 
SF 
70-30 
Blend 
100 RCA  0.5641 <.0001 0.9992 1.0000 0.0094 0.9452
100 RCA + Fibers 0.5641  <.0001 0.3283 0.4824 0.2206 0.1415
100 RCA + SF <.0001 <.0001  <.0001 <.0001 0.0014 <.0001
100% VAC 0.9992 0.3283 <.0001  0.9999 0.0042 0.9972
50-50 Blend 1.0000 0.4824 <.0001 0.9999  0.0072 0.9732
50-50 Blend + SF 0.0094 0.2206 0.0014 0.0042 0.0072  0.0016
70-30 Blend 0.9452 0.1415 <.0001 0.9972 0.9732 0.0016  
 
Table 13. Tukey Grouping for 28-Day Compressive Strength (Stage I) 
Tukey Grouping* Mean Mix 
 A 6099.7 100% RCA + SF 
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 B 5495.3 50-50 Blend + SF 
C B 5212.7 100% RCA + Fibers 
C  5010.7 100% RCA 
C  4994.7 50-50 Blend 
C  4960.7 100% VAC 
C  4898.7 70-30 Blend 
* Means with the same letter are not significantly different.
 
3.1.2.3 Split Tensile Strength 
The concrete tensile strength was also estimated using the split tensile test with 4x8-inch 
cylindrical specimens according to ASTM C496. Figure 8 and  
 
 
 
 
 
 
 
 
Table 10 show the results of the split tensile strength tests for the VAC and RCA 
concrete mixtures at 56 days only, which is an average of three specimens. As seen in  
 
 
 
 
 
 
 
 
 
Table 10, the mean tensile strength for the VAC mixture was 27% greater than 100% RCA and 
17% higher than 100% RCA with silica fume. The addition of silica fume to the RCA mixes 
improves the bond strength between the aggregate and paste as demonstrated by the fact that 
the split tensile strength is increased. The higher tensile strength of the VAC is likely caused by 
pre-existing cracks in the recycled aggregates and residual mortar. These cracks could have 
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been caused by the crushing process or existed in the original concrete. These cracks would 
not propagate very easily under compressive loading but are more able to grow when subjected 
to tensile stresses. Since flexural strength was not measured in this stage of the study, it is 
difficult to predict the trends, but its magnitude is typically 20 to 30%higher than split tensile 
strength results. A field project at O’Hare Airport in October 2009 with this specific recycled 
concrete aggregate achieved 790 and 915 psi flexural strengths at 7 and 28 days, respectively. 
An ANOVA analysis (Table 14) revealed that the split tensile strengths were statistically 
difference since the p-value was less than 0.05. The results from the Tukey test (Table 15) and 
Tukey comparisons ( 
Table 16) revealed that there was greater variability in the means compared to the 
compressive strength analysis. The only mix that the statistically the same as the virgin mix was 
the 50-50 blend with silica fume, which means that in order to obtain the same split tensile 
strength as virgin concrete the ITZ needs to be improved.  
 
 
Figure 8. Split tensile strength of virgin and recycled aggregate concrete in Stage I. 
 
Table 14. ANOVA Results for Split Tensile Strength (Stage I) 
Degrees of 
Freedom 
Type I 
Sum of 
Squares
Mean 
Squares F Value P Value 
6 79472.95238 13245.49206 36.30 <.0001 
 
Table 15. Tukey’s Test Results for Split Tensile Compressive Strength (Stage I) 
i/j 100% RCA 
100% 
RCA + 
Fibers 
100% 
RCA + 
SF 
100% 
VAC 
50-50 
Blend 
50-50 
Blend + 
SF 
70-30 
Blend 
100% RCA   0.0037 0.0097 <.0001 0.0010 <.0001 <.0001 
100% RCA + 
Fibers 0.0037   0.9977 <.0001 0.9844 0.0005 0.0394 
100% RCA + SF 0.0097 0.9977   <.0001 0.8395 0.0002 0.0149 
100% VAC <.0001 <.0001 <.0001   0.0001 0.6830 0.0149 
50-50 Blend 0.0010 0.9844 0.8395 0.0001   0.0018 0.1489 
50-50 Blend + 
SF <.0001 0.0005 0.0002 0.6830 0.0018   0.2378 
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70-30 Blend <.0001 0.0394 0.0149 0.0149 0.1489 0.2378   
 
Table 16. Tukey Grouping for Split Tensile Strength (Stage I) 
Tukey Grouping* Mean Mix 
  A 731.0 100% VAC 
B A 706.0 50-50 Blend + SF 
B C 667.3 70-30 Blend 
D C 624.0 50-50 Blend 
D   612.0 100% RCA + Fibers 
D   603.7 100% RCA + SF 
  E 536.3 100% RCA 
*Means with the same letter are not significantly 
different. 
 
3.1.2.4 Concrete Fracture Results 
For all the concrete mixtures cast,  
 
 
 
 
 
 
 
 
 
Table 10 shows the values obtained for the fracture energy (GF), representing the area 
under the load–CMOD curve, the critical stress intensity factor (KIC), and critical crack tip 
opening displacement (CTODc) at 56 days. The peak loads of the SEN(B) were higher for the 
VAC and mixtures containing silica fume. The reason for the higher peak loads were the better 
interface bonding between the paste and aggregate. The results of the total fracture energy GF 
followed a similar behavior to that obtained with the split tensile tests. The GF of 100% RCA was 
42% lower when compared with of VAC specimens but it increased with the incorporation of 
silica fume. The lower fracture energy for RCA concrete was consistent with the findings of 
Bordelon et al. (2009). However, Amirkhanian (2012) found no statistical difference in total 
fracture energy for RCA from O’Hare versus VAC at age of approximately 600 days using the 
SEN(B) or DCT, which could suggest the ITZ improved with further hydration. Adding discrete 
fibers to the concrete greatly enhanced the total fracture energy of the RCA concrete which 
should translate into a higher load capacity of the slab and compensate for the lower RCA 
tensile strength.  
 
3.1.2.5 Shrinkage  
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The modified ASTM C157 method was used to measure the total free shrinkage of the 
various mixtures. Specimens with dimensions of 3x3x11.25 inches were cast and cured for 24 
hours in a moist curing room. After this first curing period the concrete prisms were demolded 
and the initial length of each specimen was measured. The specimens were then stored in an 
environmental chamber with a temperature of 23°C and a relative humidity of approximately 
50%. Length measurements of the concrete prisms were taken at 4, 7, 14, 28, and 56 days.  
Unrestrained shrinkage strains of the plain and recycled aggregate specimens are 
plotted versus age in Figure 9. The majority of free shrinkage strains occurred in the first 20 
days, and then the rate of unrestrained shrinkage strain decreased. A lower free shrinkage 
strains developed in recycled aggregate concrete than in virgin aggregate concrete until the age 
of approximately 28 days. This lower concrete free shrinkage is related to absorbed water being 
released from the more porous RCA initially. At later ages the amount of free shrinkage strains 
of recycled aggregate concrete continued to increase at a higher rate relative to the virgin 
aggregate concrete. This is primarily due to the lower RCA stiffness. The RCA mixes with silica 
fume had the greatest shrinkage strains overall. The free shrinkage strains measured for this 
research were larger than in a previous study with virgin aggregates by O’Hare Modernization 
Program researchers (Roesler et al. 2006). 
An ANOVA test (Table 17) revealed that, at each tested age, the difference in the mean 
shrinkage was statistically relevant, since the p-value was less than 0.05. The piecewise Tukey 
test results for each testing age can be found in Appendix A, but the comparisons are shown in 
Table 18. At early ages (4 days) nearly all of the shrinkage strains are statistically similar, but as 
drying continues the shrinkage strains become more statistically different, with the VAC showing 
some of the lowest shrinkage at later ages.  
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Figure 9. Free drying shrinkage strain of concrete in Stage I. 
 
Table 17. ANOVA Results for Shrinkage (Stage I) 
Age Degrees of Freedom 
Type I 
Sum of 
Squares 
Mean 
Squares F Value P Value 
4 6 11180.9524 1863.49206 5.29 0.0049 
7 6 35257.1429 5876.19048 13.56 <.0001  
14 6 62114.2857 10352.381 15.99 <.0001  
28 6 58323.8095 9720.63492 8.51 0.0005 
56 6 108514.286 18085.7143 11.01 0.0001 
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Table 18. Tukey Grouping for Shrinkage (Stage I) 
4-Day Shrinkage 7-Day Shrinkage 
Tukey Grouping* Mean Mix Tukey Grouping* Mean Mix 
  A  -113.33 100% RCA   A  -153.33 100% RCA 
  A  -120 30% RCA B  A  -210 30% RCA 
B  A  -133.33 100% RCA + Fibers B  C  -226.67 50% RCA 
B  A  -150 100% RCA + SF B  C  -236.67 100% VAC 
B  A  -156.67 100% VAC B  C  -260 100% RCA + SF 
B  A  -163.33 50% RCA   C  -276.67 50% RCA + SF 
B    -183.33 50% RCA + SF   C  -280 100% RCA + Fibers 
14-Day Shrinkage 28-Day Shrinkage 
Tukey Grouping* Mean Mix Tukey Grouping* Mean Mix 
  A    -333.33 100% RCA   A  -426.67 30% RCA 
B  A    -343.33 30% RCA   A  -476.67 50% RCA 
B  A  C  -396.67 50% RCA B  A  -500 100% VAC 
B    C  -406.67 100% VAC B  A  -513.33 50% RCA + SF 
  D  C  -443.33 50% RCA + SF B  A  -516.67 100% RCA 
  D  C  -466.67 100% RCA + Fibers B    -576.67 
100% RCA + 
Fibers 
  D    -486.67 100% RCA + SF B    -593.33 100% RCA + SF 
56-Day Shrinkage 
Tukey Grouping* Mean Mix 
  A    -496.67 30% RCA 
B  A    -543.33 100% VAC 
B  A  C  -586.67 50% RCA 
B  D  C  -623.33 50% RCA + SF 
B  D  C  -646.67 100% RCA 
  D  C  -693.33 100% RCA + Fibers 
  D    -710 100% RCA + SF 
*Means with the same letter are not significantly different. 
 
3.1.3 Stage I Mixtures – Summary  
The fresh properties demonstrated that RCA concrete did not affect the entrapped air 
content. Despite the expected loss in workability for the RCA concrete, the TSMA provided an 
equal or higher slump for RCA concrete relative to the virgin aggregate. Silica fume and fibers 
both reduced the slump and air content. The compressive strength was not found to be 
statistically dependent on the RCA content (0, 30, 50 and 100%). Silica fume increased the 
compressive strength, particularly at later ages, while fibers had no effect, as expected. The 
RCA did have a significant effect on the concrete’s split tensile strength, as can be seen with the 
significant decrease in strength with 100% RCA versus the control. Silica fume slightly 
increased the split tensile strength. There was a significant reduction in the initial and total 
fracture energy when 100% RCA replaced the virgin coarse aggregates. At early ages the RCA 
concrete free shrinkage was slightly reduced relative to the virgin aggregate concrete, but at 
later ages 100% RCA resulted in greater shrinkage than the VAC. The RCA mixtures with silica 
fume increased the free shrinkage. These initial results demonstrated that RCA is a viable 
option in terms of fresh and strength properties despite the reduction in reduction in tensile 
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strength and fracture energy. The higher long-term shrinkage of the RCA concrete must be 
addressed with proper curing, appropriate slab geometry selection, and joint detailing. Limited 
conclusions can be made about the TSMA since the compressive strength was not different 
between RCA and VAC but the split tensile strength was still lower for RCA concrete. 
 
3.2 STAGE II: FRESH AND HARDENED PROPERTIES OF RCA CONCRETE WITH HIGHER 
POZZOLAN AND CHEMICAL ADMIXTURE CONTENTS 
In order to analyze RCA concrete properties under normal concrete batching, mixing, 
and delivery, two ready-mixed concrete batches were cast in the field: one at O´Hare 
International Airport in Chicago, Illinois, and the other at the University of Illinois at Urbana-
Champaign Advanced Transportation Research and Engineering Laboratory (ATREL) facility in 
Rantoul, Illinois. The results of both castings showed a mix with low slump and faster setting 
characteristics relative to ordinary ready-mixed concrete with virgin coarse aggregates. In order 
to enhance the workability and to extend the working time of these mixes, twelve different RCA 
mixtures were designed and tested for slump and compressive strength. Concrete mixtures 
using optimized aggregate gradation with 100% RCA, including different percentages of Class C 
and Class F fly ash, superplastizicer, and set retarder were tested in order to compare the fresh 
and hardened properties.  
 
3.2.1 Mixture Proportions 
A total of twelve concrete mixtures were designed and produced in the laboratory. The 
mixture proportions included a total of 517 lb/yd3 of cementitious materials (which is the same 
content as in Stage I) involving different percentages of Type I Portland cement and Class C or 
Class F fly ash with a w/c ratio of 0.42. The optimized aggregate gradation principles used 
during Stage I of the project with 100% of coarse recycled aggregate and virgin intermediate 
aggregate and sand was continued during this stage except that different dosages of set 
retarder and superplasticizer were also used to enhance the workability and to extend the 
working time of the concrete mixes. Table 19 and Table 20 show the final proportions for the 
concrete mixtures. All mixtures were produced using the TSMA procedure and percent moisture 
in the aggregates in the following tables were defined from the oven dry condition.  
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Table 19. RCA Concrete Mixture Designs and Slump Results for Stage II (First Series) 
 
 
Table 20. RCA Concrete Mixture Designs and Slump Results for Stage II (Second Series) 
% Aggregates % Moisture  % Aggregates % Moisture  % Aggregates % Moisture  % Aggregates % Moisture  % Aggregates % Moisture  % Aggregates % Moisture 
59% 3 59% 3.2 59% 3.2 59% 2.9 59% 2.7 59% 2.9
10% 7 10% 8.0 10% 8.0 10% 4.7 10% 4.7 10% 4.7
31% 0.1 31% 0.1 31% 0.1 31% 0.1 31% 0.1 31% 0.1
3 day
7 day
28 day
* Maximum dose : 520 ml/100 kg
* Minimum dose : 190 ml/100 kg
Content (lb/yd3)
100% RCA +  20% Class C FA 
(Control)
100% RCA + 20% Class C FA +  
Retarder (high dosage)
100% RCA + 20% Class C FA + 
Retarder (low dosage)
100% RCA +  20% Class C FA + 
Retarder + SP 100% RCA + 20% Class F FA 100% RCA + 30% Class F FA
362
217 217 217 217 217 217
414 414 414 414 414
103 103 103 103 155
3 3 3 3 3
0 0 0.005% 0 0
426 ml/100kg* 220 ml/100 kg* 150 ml/100 kg* 0 0
8.5" 6.8" 8.5" 3" 7.5"
Compressive 
Strength (psi)
Mix
Material
Water
Cement 
Fly Ash
Air Content (%)
% Superplasticizer
% Set retarder
4"
0
0
3
103
Initial Slump
Recycled Coarse Aggregate
Extra Fines (#4, #8, #16)
Natural Fine Aggregate
6410 6101 5944
3811
4855
5751
4559 3040 3679
5865 4412 4555
2860
3679
5000
3870
4700
5507
% Aggregates % Moisture  % Aggregates % Moisture  % Aggregates % Moisture  % Aggregates % Moisture  % Aggregates % Moisture  % Aggregates % Moisture 
59% 3.2 59% 2.7 59% 2.7 59% 2.6 59% 2.6 59% 2.8
10% 8.0 10% 4.7 10% 4.7 10% 6.8 10% 6.8 10% 6.6
31% 0.1 31% 0.1 31% 0.1 31% 0.1 31% 0.1 31% 0.1
3 day
7 day
28 day 5005 4754
* Maximum dose : 520 ml/100 kg
* Minimum dose : 190 ml/100 kg
5507 6507
2738 2791
3978 4661
5435 6586
Content (lb/yd3)
3870 3272
4700 4738
2278 1270
3830 3501
3
0
0
8"
100% RCA + 60% Class C FA 
217
207
310
3
0
0
8.5"
100% RCA +  50% Class C FA 
217
259
259
0
6.8"
100% RCA + 40% Class C FA + 
Retarder 
217
310
207
3
0
220 ml/100 kg*
8"
217
310
206
3
0
155
3
0
220 ml/100 kg*
7.5"
155
3
0
0
6.5"
Recycled Coarse Aggregate
Extra Fines (#4, #8, #16)
Natural Fine Aggregate
Compressive 
Strength (psi)
Fly Ash
Air Content (%)
% Superplasticizer
% Set retarder
Initial Slump
Material
Mix
Water
Cement 
100% RCA + 30% Class C FA
217
362
100% RCA + 30% Class C FA + 
Retarder
217
362
100% RCA + 40% Class C FA
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3.2.2 Stage II Results 
3.2.2.1 Slump Test  
After the concrete constituents were mixed the proper amount of time, the initial slump 
for each mixture was measured. Slump measurements were then regularly conducted at 
intervals of 20 minutes in order to observe the slump loss over time. The concrete mixtures 
were covered with plastic between the test intervals to prevent moisture loss. The 
measurements finished when the slump test was less than or equal to three inches. Figure 10 to 
Figure 13 show the slump loss results for the twelve mixes listed in Table 19 and Table 20.  
According to the results shown in Figure 10, the control mix with 20% Class C fly ash 
showed the same behavior as the mix batched in the field: the slump decreased from 4 inches 
to 2 inches in 30 minutes. A small dosage of set retarder increased the slump of the concrete to 
7 inches and the mix maintained the slump over 3 inches for 1.0 hours. A high dosage of set 
retarder increased the slump to 8.5 inches and the workability time of the concrete mix 
remained for 2 hours. A lower dosage of set retarder with superplasticizer increased the slump 
also to 8.5 inches but the mixture remained workable for only 1.5 hours. As shown in Figure 11, 
the use of 20% Class F fly ash did not affect the slump of the concrete relative to the 20% Class 
C fly ash. However, with 30% Class F fly ash, the slump increased drastically from 3 to 7.5 
inches due to the increase in total paste content. The effect on slump was lower when the 
amount of Class C fly ash was increased from 20% to 30%.  
The behavior of the mix with 60% Class C fly ash without chemical admixtures was 
similar to the mix combining set retarder and superplasticizer as seen in comparing Figure 12. 
Both obtained 8.5-inch slumps and maintained a slump over 3 inches for the period of 3 hours. 
Figure 13 shows how the percentage of Class C fly ash affected the initial slump and the 
workability time of the RCA concrete. Mixes with 30% and 40% fly ash showed a similar 
behavior with an increase on the workability time for the mix with 40% fly ash. Mixes 
incorporating 50% and 60% Class C fly ash had the highest slumps of all the mixes and also 
remained workable for a longer period of time. Overall, the reason for the increased slump with 
fly ash content was primarily the increase in total paste volume increasing for the high fly ash 
mixtures. Furthermore, the rate of slump loss was similar between the mixtures and the primary 
difference was the initial slumps were greater for the higher fly ash content mixtures and the 
mixtures containing higher dosages of chemical admixtures. 
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Figure 10. Slump loss for the 20% Class C fly ash mixes with chemical admixtures. 
 
 
Figure 11. Slump loss for the 30% Class C fly ash mix and Class F fly ash mixes. 
 
.  
Figure 12. Slump loss for the mixes with higher fly ash content and some chemical admixtures. 
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Figure 13. Slump loss for the mixes with higher fly ash content. 
 
3.2.2.2 Compressive Strength 
Results of the compressive strength tests are shown in Figure 14 to Figure 17. As 
expected, the lowest compressive strength at 28 days was obtained for the mixes containing 
high contents of Class C or Class F fly ash. Figure 14 shows very little difference in strength at 
28 days for mixtures containing 20% cement replacement with Class C fly ash and various 
dosages of chemical admixtures. The compressive strength at 28 days was less for mixtures 
with same replacement percentage of Class F ash versus Class C fly ash as noted in Figure 15. 
A reduction of 26% in the compressive strength can be seen when 20% Class C is substituted 
for Class F and a strength reduction of 41% when Class C is replaced by Class F at 30% of the 
total cementitious content. Figure 16 and Figure 17 demonstrate the lower strength gain at 3, 7, 
and 28 days with the mixtures containing higher percentages of Class C fly ash replacement of 
the cement. Figure 17 shows when the content of Class C fly ash is increased from 20 to 30, 40, 
50, and 60%, the compressive strength decreased 2%, 29%, 41% and 67%, respectively, at 3 
days age but was less dramatic at 28 days age with strength reductions of 3, 4, 7 and 23%, 
respectively. Hydration rates (and therefore strength gain) of fly ash is slower than cement, so 
the compressive strength is expected to be reduced versus the control (100% cement) at 
relatively young ages. At later ages, the hydration of fly ash will theoretically result in a similar or 
higher compressive strength versus the control (Mindess et al. 2003). Finally, addition of a low 
dosage of set retarder with higher Class C fly ash contents (40% and 50%) increased the 
strength at 28 days relative to the same mixture without the set retarder. This difference was not 
seen at 3 days but was noted at 7 and 28 days. This was likely due to the enhanced dispersion 
since these set retarding mixtures also produced larger initial slumps. As noted in Figure 14, this 
behavior was not really seen for the mixtures containing 20% cement replacement with Class C 
fly ash. 
A statistical analysis (ANOVA) was conducted on the results, which revealed that the 
compressive strengths of the various mixtures were statistically different (Table 21). The 
pairwise Tukey comparison is shown in Table 22 for the 28-day compressive strength and in 
Appendix A for the remaining ages. As can be seen, most of the mixtures were statistically 
different at later ages. There does not appear to be a trend with statistical difference and the fly 
ash amount or the chemical admixture dosage.  
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The total aggregate moisture contents prior to mixing are listed in Table 19 and Table 
20. As seen the moisture content varied for each mix. Therefore it is possible that the RCA 
moisture condition had an effect on the concrete strength and also the slump loss. As a result, 
the possibility of these effects is further examined in Stage III of this study.  
 
 
Figure 14. Compressive strength of the mixes with Class C fly ash and chemical admixtures. 
 
 
Figure 15. Compressive strength of the mixes with Class C and Class F fly ash. 
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Figure 16. Compressive strength of the mixes with higher percentages of Class C fly ash and 
chemical admixtures.  
 
 
Figure 17. Compressive strength of the mixes with higher percentages of Class C fly ash. 
 
Table 21. ANOVA Results for Compressive Strength (Stage II) 
Age Degrees of Freedom 
Type I Sum of 
Squares 
Mean 
Squares F Value P Value 
3 11 25677317.56 2334301.60 518.05 <.0001 
7 11 19197392.75 1745217.52 358.08 <.0001 
28 11 17241034.31 1567366.76 359.31 <.0001 
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Table 22. Tukey Grouping for 28-Day Compressive Strength (Stage II) 
Tukey Grouping* Mean Mixture 
 A  6587.00 100% RCA + 30% Class C FA + Retarder 
 A  6507.33 100% RCA + 20% Class C FA + Retarder (high dosage)
 A  6410.67 100% RCA + 40% Class C FA + Retarder 
 B  6101.33 100% RCA + 20% Class C FA + Retarder (low dosage) 
C B  6005.00 100% RCA + 20% Class C FA (Control) 
C B D 5943.67 100% RCA + 20% Class C FA + Retarder + SP 
C  D 5835.00 100% RCA + 30% Class C FA 
 E D 5751.00 100% RCA + 40% Class C FA 
 E  5589.67 100% RCA + 50% Class C FA 
 F  4999.67 100% RCA + 20% Class F FA 
 G  4754.00 100% RCA + 60% Class C FA 
 H  4257.33 100% RCA + 30% Class F FA 
* Means with the same letter are not significantly different. 
 
3.2.3 Stage II Mixtures – Summary  
The initial slumps of the RCA concrete mixtures were increased when higher cement 
replacements with fly ash (Class C and F) were utilized (higher volume of paste) along with 
higher dosages of set retarding and superplasticizing admixtures. The rate of slump loss was 
similar for all mixtures study but the mixtures with higher initial slumps obviously had more 
workable mixtures (greater than 3 inches) for a longer period of time. However, the data suggest 
that the RCA moisture content may have an influence on the slump loss and strength. This 
hypothesis is more thoroughly investigated in Stage III. In terms of compressive strength, the 
higher the fly ash replacement of cement, the lower the initial strength of the RCA concrete at 
28 days. Class C gave higher strength at all ages tested relative to Class F fly ash. The use of 
set retarder had a small effect on the compressive strength of the concrete at higher fly ash 
contents (40% and 50%). Therefore, if the workability of the concrete mixtures with RCA is 
important, then a set retarding admixture or a higher replacement level of cement with fly ash 
can be used with full knowledge that the early age strength (3 and 7 days) and possibly the 28 
day compressive strength will be reduced relative to a RCA concrete mixture with only 20% fly 
ash replacement. A statistical analysis revealed that very few of the mixtures had statistically 
similar compressive strengths, which suggests that the fly ash and chemical admixture dosage 
have an effect on the compressive strength at early and later ages.  
 
3.3 STAGE III: EVALUATION OF RCA INITIAL MOISTURE CONTENT AND MIXING 
PROCESS ON FRESH AND HARDENED PROPERTIES OF CONCRETE  
The main purpose of this stage in the study was to compare concrete mixes with 100% 
virgin (natural) aggregates and 100% RCA in order to determine the effect of the mixing process 
and initial aggregate moisture content on the fresh and hardened concrete properties. The Two-
Stage Mixing Approach (TSMA) developed by Tam et al. (2008) and the normal mixing 
procedure (NMP) recommended by ASTM C192 (2007) were used to determine if there is any 
difference in the behavior (fresh and hardened properties) of concrete made with the those 
mixing procedures for both coarse aggregate types (virgin and RCA).  
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3.3.1 Mixture Proportions 
The laboratory study included the concrete mixes shown in Table 23. Twelve mixtures 
were designed and produced in the laboratory using 517 lb/yd3 as the total cementitious content, 
including 20% Class C fly ash as partial replacement of Type I Portland cement. The w/c ratio 
was 0.42 and the aggregate gradation used was the same as for the Stages I and II. To 
maintain the designed mix proportioning, the amounts of water and aggregates used in mixing 
were adjusted according to the actual moisture contents of the aggregates. Table 24 and Table 
25 show the final proportions for the twelve mixtures. A high range water reducing admixture 
was employed to maintain a similar workability between mixture types. No air entraining 
admixture was used. 
 
Six mixtures were designed and batched using 100% virgin aggregates (coarse and fine 
aggregate), with three different initial moisture conditions: oven-dry (OD), partially-saturated (80-
85% of the absorbed water with respect to absorption capacity), and saturated surface dry 
(SSD). Six mixtures were also prepared using 100% recycled coarse aggregates with the same 
three initial moisture conditions. For each of the moisture conditions on the aggregates, the 
normal mixing procedure (NMP) and the TSMA were employed. Superplasticizer was added to 
all the mixes in order to reach a minimum slump of 2 inches. When the partially-saturated or air-
dry (AD) and the OD aggregates were used, an additional amount of water was needed to 
saturate the aggregates. Also, as the recycled aggregate had a higher water absorption 
capacity, the amount of water added to the mix increased as the percentage of recycled 
aggregate increased when they were used in the partially-saturated and OD states. The actual 
amounts of available water and materials used in these twelve mixes are given in Table 24 for 
virgin aggregate and Table 25 for RCA. 
 
Table 23. Stage III Concrete Mixture Basics and Description 
Mix No. Mix Description Mixing Procedures 
1,2 Virgin Aggregate at SSD NMP1 + TSMA2 
3,4 RCA at SSD NMP + TSMA 
5,6 80% Absorption Capacity of Virgin Aggregate NMP + TSMA 
7,8 80% Absorption Capacity of RCA NMP + TSMA 
9,10 Virgin Aggregate at Oven Dry NMP + TSMA 
11,12 RCA at Oven Dry NMP + TSMA 
1 Normal Mixing Process 
2 Two State Mixing Approach 
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Table 24. Virgin Aggregate Concrete Mixture Designs for Stage III 
 
 
Table 25. RCA Concrete Mixture Designs for Stage III 
45% 1495 45% 1495 45% 1495 45% 1495 45% 1495 45% 1495
15% 500 15% 500 15% 500 15% 500 15% 500 15% 500
RCA Coarse Aggregate 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0
40% 1279 40% 1279 40% 1279 40% 1279 40% 1279 40% 1279
3 days
7 days
28 days
Flexural 
Strength (psi)
28 days
Splitting tensile 
(psi)
28 days 789 749 804
7904 7395 8020
681 799
3
6177
4
100% VA OD TSMA 100% VA SSD NMP 100% VA SSD TSMA
230 ml / 100 kg of cement
7.0"
100% VA OD NMP
217 217
414
100% VA 80%MC NMP 100% VA 80%MC TSMA
4362
5153
4436
100% VA SSD NMP
31 2
414
103
33
103
100% VA SSD TSMA
4 5
3
6
Mix No.
414
217 217
414
Fly Ash
2.5"Slump
250 ml / 100 kg of cement
103
2.2"
250 ml / 100 kg of cement
7"
103
230 ml / 100 kg of cement
Material
Water
Cement 
217
414
217
Content (lb/yd3)
100% VA OD TSMA
Air
663
783
Limestone CA-7
Limestone CA-16
Natural Sand
SP
4273
5005
7206
Compressive 
Strength (psi)
Mix No.
3
250 ml / 100 kg of cement
1
3
250 ml / 100 kg of cement
414
103 103
8.5"2"
3
5136
5871 6091
5 6
100% VA 80%MC NMP 100% VA 80%MC TSMA100% VA OD NMP
2
5427
7304
588
46135362
683
695
7544
678
812
0% 0 0% 0 0% 0 0% 0 0% 0 0% 0
0% 0 0% 0 0% 0 0% 0 0% 0 0% 0
RCA Coarse Aggregate 60% 1799 60% 1799 60% 1799 60% 1799 60% 1799 60% 1799
40% 1279 40% 1279 40% 1279 40% 1279 40% 1279 40% 1279
3 days
7 days
28 days
Flexural 
Strength (psi)
28 days
Splitting tensile 
(psi)
28 days
SP
Slump
Mix No.
Compressive 
Strength (psi)
Mix No.
Material
Water
Cement 
Fly Ash
Air
Limestone CA-7
Limestone CA-16
Natural Sand
9"
100% RA OD NMP 100% RA OD TSMA
11 12
623 682
3249 3670
4447 4800
5446 5897
556 595
103
Content (lb/yd3)
414
103 103
9 10
3
235 ml / 100 kg of cement 235 ml / 100 kg of cement
12
217
414
217
414
3 3
6"
270 ml / 100 kg of cement 270 ml / 100 kg of cement
2.5" 9"
100% RA SSD TSMA100% RA SSD NMP
3
260 ml / 100 kg of cement 260 ml / 100 kg of cement
3
100% RA SSD NMP 100% RA SSD TSMA
7 8
217 217
414
11
217
414
103
217
100% RA OD NMP 100% RA OD TSMA
414
103 103
623 752631 683
587 608
100% RA 85% MC TSMA
9 10
6639 7064
4702 5013
5379 5828
4055 4251
5135
100% RA 85% MC NMP
8
5424
6384 6518
7
100% RA 85% MC NMP 100% RA 85% MC TSMA
733 708
2.5" 8"
3
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3.3.2 Stage III Results 
3.3.2.1 Slump Test 
Figure 18 shows the results for the slump test. The difference in the moisture states of 
the coarse aggregates did not appear to affect the initial slump significantly except for the 
concrete with OD coarse RCA and the NMP. The higher initial slump for the RCA concrete with 
the OD aggregate is due to the higher initial free water content during the mixing of the 
constituents. The absorption capacity of the crushed limestone was around 2% compared to the 
RCA absorption of 5.5%. This small change in moisture in the mixer can produce a higher initial 
slump value until the water is absorbed into the RCA. The initial slump of the oven dry RCA mix 
reached 6 inches with a superplasticizer dosage of 235 milliliters per 100 kg of cement, while 
the initial slump values of the mixes prepared with the SSD aggregates still maintained at about 
2.5 inches, using 270 milliliters of superplasticizer per 100 kg of cement. More importantly, the 
mixing method significantly affected the initial concrete slump for both the virgin and recycled 
concrete aggregates. All the mixes prepared using the TSMA exhibited a higher initial slump 
values when compared with NMP for all three aggregate moisture states. The highest increases 
in slump were for the SSD and partially-saturated mixes, as shown in Figure 18, Table 24, and 
Table 25.      
 
 
Figure 18. Initial slump for virgin (VAC) and RCA concrete mixtures in Stage III.  
 
3.3.2.2 Compressive Strength 
The compressive strengths of the concrete mixes are shown in Table 24,  Table 25, 
Figure 19, and Figure 20. All the concrete mixes achieved a compressive strength of at least 
5,000 psi at the age of 28 days with the virgin aggregate concrete mixes exceeding 7000 psi at 
this age. The virgin aggregate concrete produced higher compressive strength means at all 
ages than the RCA concrete for both mixing approaches and all three initial aggregate 
conditions. The difference in strength between the RCA and VAC concrete was the lowest at 3 
days but with the increase in degree of hydration, the bond strength and thus the compressive 
strength of the VAC improved more rapidly. The aggregate in the partially-saturated state 
produced the largest mean strength for both mixing procedure and coarse aggregate type 
whereas the OD condition produced the lowest compressive strengths.  
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Figure 19. Comparison of virgin aggregate concrete compressive strength for NMP and TSMA 
at three different aggregate moisture states.  
 
 
Figure 20. Comparison of RCA concrete compressive strength for NMP and TSMA at three 
different aggregate moisture states. 
 
The use of TSMA method increased the compressive strength means of the virgin and 
recycled aggregate concretes at all ages when compared with the results of the mixes produced 
by the NMP. The increase in compressive strength means was very similar for both virgin 
aggregate and RCA concretes when the aggregates had the same moisture state. At 28 days, 
the increase in compressive strength was 4%, 8% and 8% for concretes with virgin aggregates 
in OD, SSD and partially-saturated states, respectively, and 8%, 4% and 6% for concretes with 
recycled aggregates. For concretes with RCA, the greatest increases in compressive strength 
were for OD and partially-saturated states. This is likely due to the absorption of the cement 
slurry produced during the TSMA that enhanced the bonding between the RCA and the cement 
matrix. 
When the results are compared between virgin and RCA concretes at the same moisture 
level, as shown in Figure 21 to Figure 23, the biggest difference occurs for the mixes with 
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aggregates in the OD state where the compressive strength of virgin aggregate concrete is 24% 
and 22% higher for mixes prepared using the NMP and TSMA, respectively, relative to the RCA 
concrete. Figure 24 indicates that there is little or no difference with the strength of concretes 
with RCA in partially-saturated or SSD states. The difference is significant when a comparison is 
done with concretes incorporating RCA in the OD state. Therefore, pre-soaking RCA will avoid 
high, unexpected initial slumps using conventional mixing procedures and will maximize the 
compressive strength of the RCA concrete whether the NMP or TSMA is utilized. 
 
. 
Figure 21. Compressive strength with aggregates in SSD condition. 
 
 
Figure 22. Compressive strength with aggregates in partially-saturated condition. 
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Figure 23. Compressive strength with aggregates in OD condition. 
 
Figure 24. Comparison of compressive strengths between virgin aggregate and RCA concrete: 
OD: oven dry; SSD: saturated surface dry; 80%MC: partially-saturated condition. 
In order to determine the relevance of these results, a statistical analysis was performed 
using an ANOVA test, which revealed that the compressive strengths at all ages were 
statistically different (Table 26). The pairwise Tukey comparison was conducted for each age, 
the results of which can be found in Table 27 (for 28-day strength) and Appendix A. The results 
indicate that the moisture condition and mixing procedure have an effect on the compressive 
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strength. Virgin aggregate concrete had the highest compressive strength with TSMA and 
partially to saturated aggregate state. The lowest compressive strengths were from RCA 
mixtures with oven-dry aggregate states. Overall, the TSMA produced higher compressive 
strengths for the same aggregate type (VA or RCA) and aggregate moisture content.  
 
Table 26. ANOVA Results for Compressive Strength (Stage III) 
Age Degrees of Freedom 
Type I Sum of 
Squares 
Mean 
Squares F Value P Value 
3 11 11966675.64 1087879.60 238.55 <.0001 
7 11 9124335.222 829485.020 348.77 <.0001 
28 11 20346757.89 1849705.26 377.62 <.0001 
 
Table 27. Tukey Grouping for 28-Day Compressive Strength (Stage III) 
Tukey Grouping* Mean Mixture 
A 8020 100% VA 80% MC TSMA 
A 7904 100% VA SSD TSMA 
B 7544 100% VA OD TSMA 
C B 7395 100% VA 80%MC NMP 
C 7304 100% VA SSD NMP 
C D 7206 100% VA OD NMP 
D 7064 100% RCA 85% MC TSMA 
E 6639 100% RCA 85% MC NMP 
F E 6518 100% RCA SSD TSMA 
F 6384 100% RCA SSD NMP 
G 5897 100% RCA OD TSMA 
H 5446 100% RCA OD NMP 
* Means with the same letter are not significantly different. 
 
3.3.2.3 Split Tensile and Flexural Strengths 
The results of the split tensile strength and the flexural strength of the virgin and recycled 
aggregate concretes at different moisture states are shown in Table 24 and Table 25. For each 
moisture state, the TSMA produced a higher mean flexural strength compared to the NMP for 
both coarse aggregate types, albeit less than 10%. The flexural strength (Figure 25) of virgin 
aggregate and RCA concretes showed that there was no discernible trend between the mixes 
produced at different moisture levels. Figure 26 is a plot of the split tensile for the RCA and VA 
concrete, which demonstrates that, like the flexural strength, the TSMA results in slightly greater 
mean strengths relative to the NMP.  
An ANOVA analysis was conducted to determine the statistical significance of the split 
tensile and flexural strengths, and it was found that the strengths among the different mixtures 
were statistically different (Table 28). The Tukey pairwise comparisons for the split tensile and 
flexural strengths can be found in Appendix A. The Tukey grouping for the flexural strength ( 
Table 30) revealed that most of the flexural strengths were statistically similar. The 
Tukey grouping showed that split tensile strengths were mostly statistically different with the VA 
concrete having greater means than the RCA (Table 29). All of the virgin aggregate TSMA 
mixtures statistically had the same split tensile and flexural strengths.  
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 Figure 25. Flexural strength of virgin aggregate concrete. 
 
 
Figure 26. Split tensile strength of virgin and recycled aggregate concrete. 
 
Table 28. ANOVA Results for Split Tensile and Flexural Strengths (Stage III) 
Strength Age Degrees of Freedom 
Type I Sum of 
Squares 
Mean 
Squares F Value P Value 
Split Tensile 28 11 113236.8333 10294.2576 159.47 <.0001 
Flexural 28 11 169100.8889 15372.8081 7.75 <.0001 
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Table 29. Tukey Grouping for 28-Day Split Tensile Strength (Stage III) 
Tukey Grouping* Mean Mix 
A 812 100% VA OD TSMA  
A 804 100% VA 80% MC TSMA  
A 789 100% VA SSD TSMA  
A 784 100% VA OD NMP  
B 752 100% RCA 85% MC TSMA  
B 750 100% VA 80%MC NMP  
C 696 100% VA SSD NMP  
C 684 100% RCA SSD TSMA  
C 682 100% RCA OD TSMA  
D 631 100% RCA SSD NMP  
D 623 100% RCA 85% MC NMP  
D 623 100% RCA OD NMP  
*Means with the same letter are not significantly different. 
 
Table 30. Tukey Grouping for 28-Day Flexural Strength (Stage III) 
Tukey Grouping* Mean Mix 
A 799 100% VA 80% MC TSMA 
B A 733 100% RCA 85% MC NMP 
B A C 708 100% RCA 85% MC TSMA 
B D A C 683 100% VA SSD TSMA 
B D A C 681 100% VA 80%MC NMP 
B D A C 678 100% VA OD TSMA 
B D C 663 100% VA OD NMP 
B D C 608 100% RCA SSD TSMA 
D C 595 100% RCA OD TSMA 
D C 588 100% VA SSD NMP 
D C 587 100% RCA SSD NMP 
D 556 100% RCA OD NMP 
*Means with the same letter are not significantly different. 
 
3.3.2.4 Drying Shrinkage 
Unrestrained shrinkage of the virgin aggregate concretes at different moisture states are 
plotted in Figure 27. The behavior of the shrinkage strain of the specimens showed that most of 
the shrinkage strains in all concrete tested occurred during the first 14 days and then the 
shrinkage rate diminished significantly. The mean results showed slightly lower free shrinkage 
strains for the mixes prepared using the TSMA versus the NMP. The strains developed in virgin 
aggregate concretes at OD state for both mixing methods were lower than the strains developed 
in the virgin aggregate in the partially-saturated and SSD states. This may be a result of the 
initial water absorption into the virgin aggregate. The variation in shrinkage strains in the all of 
the RCA concrete mixtures were more similar than the VAC as seen in Figure 28. Similarly, the 
rate of free shrinkage strains decreased with age, but with RCA concrete, this long-term rate 
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was higher than the VA concrete as seen in Figure 28. The rate of shrinkage for RCA concrete 
was approximately 0.80 microstrain per day at 120 days while the VA concrete was 0.45 
microstrain per day. The mean shrinkage strains for TSMA was slightly lower than for the NMP 
but this magnitude was less than 10%. With the lower amount of cementitious content and these 
coarse aggregates the overall free shrinkage strain for RCA was the same as the VA concrete 
at 90 days as seen in Figure 29 and less than 10% greater at 120 days as seen in Figure 27 
and Figure 28. At earlier ages, the RCA concrete had a lower free shrinkage with as much as 
20% reduction at 7 days.  
 
 
Figure 27. Drying shrinkage of the virgin aggregate concretes.  
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An ANOVA analysis was performed on the Stage III shrinkage results at each age 
(Table 31), and a statistical significance was determined between the mixes. A comparison of 
the free shrinkage strains of the mixtures with the Tukey test can be seen in   
 
Figure 28. Drying shrinkage of the RCA concretes.  
 
 
Figure 29. Comparison of the drying shrinkage at 90 days for various Stage III mixes. 
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Table 32 with additional data in Appendix A. The results indicate that at earlier ages (3, 
7, 14 days), the results are more statistically similar, however, RCA mixtures tended to have 
lower shrinkage. At early ages, the type of mixing did not have a dominating effect. At later ages 
(56, 90, 112 days), the various mixtures had more statistical differences with the RCA mixtures 
having higher shrinkage magnitudes, in general. The mixing procedure again didn’t seem to be 
a dominating factor in the shrinkage magnitude of a specific mixture.  
 
Table 31. ANOVA Results for Free Shrinkage Strains (Stage III) 
Age Degrees of Freedom 
Type I Sum of 
Squares 
Mean 
Squares F Value P Value 
4 11 75988.88889 6908.08081 38.26 <.0001 
7 11 56222.22222 5111.11111 21.90 <.0001 
14 11 35163.88889 3196.71717 13.54 <.0001 
28 11 39688.88889 3608.08081 11.81 <.0001 
56 11 39722.22222 3611.11111 15.85 <.0001 
90 11 58541.66667 5321.96970 95.80 <.0001 
112 9 49736.66667 5526.29630 46.05 <.0001 
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Table 32. Tukey Grouping for Free Shrinkage Strains (Stage III) 
4 days 7 days 14 days 
Tukey 
Grouping*  Mean  Mix Tukey Grouping* Mean Mix Tukey Grouping*  Mean Mix 
  A -97 
M11 
100% 
RA OD 
TSMA  
  A    -190 
M11 
100% 
RA OD 
TSMA  
  A    -323 
M11 
100% 
RA OD 
TSMA  
  A -100 
M12 
100% 
RA OD 
NMP  
B  A    -197 
M12 
100% 
RA OD 
NMP  
  A    -337 
M9 
100% 
RA 
85%MC 
TSMA  
B A -130 
M2 
100% 
VA OD 
TSMA  
B  A  C  -213 
M2 
100% 
VA OD 
TSMA  
  A    -340 
M2 
100% 
VA OD 
TSMA  
B  C  -153 
M1 
100% 
VA OD 
NMP  
B    C  -240 
M9 
100% 
RA 
85%MC 
TSMA  
  A    -340 
M10 
100% 
RA 
85%MC 
NMP  
B  C  -160 
M8 
100% 
RA SSD 
NMP  
    C  -243 
M7 
100% 
RA SSD 
TSMA  
  A    -340 
M12 
100% 
RA OD 
NMP  
D  C  -173 
M9 
100% 
RA 
85%MC 
TSMA  
    C  -247 
M1 
100% 
VA OD 
NMP  
B  A    -350 
M1 
100% 
VA OD 
NMP  
D  C  -177 
M7 
100% 
RA SSD 
TSMA  
    C  -247 
M8 
100% 
RA SSD 
NMP  
B  A    -353 
M7 
100% 
RA SSD 
TSMA  
D  C  -180 
M10 
100% 
RA 
85%MC 
NMP  
    C  -247 
M10 
100% 
RA 
85%MC 
NMP  
B  A  C  -363 
M8 
100% 
RA SSD 
NMP  
D  E  -210 
M3 
100% 
VA SSD 
TSMA  
  D    -293 
M3 
100% 
VA SSD 
TSMA  
B  D  C  -387 
M3 
100% 
VA SSD 
TSMA  
  E  -220 
M5 VA 
80MC 
TSMA  
  D    -293 
M5 VA 
80MC 
TSMA  
  D  C  -400 
M5 VA 
80MC 
TSMA  
  E  -233 
M6 VA 
80MC 
NMP  
  D    -297 
M6 VA 
80MC 
NMP  
  D  C  -403 
M6 VA 
80MC 
NMP  
  E  -240 
M4 
100% 
VA SSD 
NMP  
  D    -320 
M4 
100% 
VA SSD 
NMP  
  D    -427 
M4 
100% 
VA SSD 
NMP  
*Means with the same letter are not significantly different. 
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Table 32 (continued). Tukey Grouping for Free Shrinkage (Stage III) 
28 days 56 days 90 days 
Tukey Grouping*  Mean  Mix Tukey Grouping*  Mean Mix 
Tukey 
Grouping* Mean  Mix 
  A 
  
-393 
M2 
100% 
VA OD 
TSMA  
    A   -470 
M2 
100% 
VA OD 
TSMA  
  A  -493 
M2 
100% 
VA OD 
TSMA  
B A 
  
-423 
M1 
100% 
VA OD 
NMP  
    A   -490 
M1 
100% 
VA OD 
NMP  
  A  -510 
M1 
100% 
VA OD 
NMP  
B  C    -447 
M7 
100% 
RA SSD 
TSMA  
B   A   -500 
M5 VA 
80MC 
TSMA  
  B  -533 
M5 VA 
80MC 
TSMA  
B  C    -453 
M9 
100% 
RA 
85%MC 
TSMA  
B   A C -510 
M9 
100% 
RA 
85%MC 
TSMA  
C  B  -553 
M6 VA 
80MC 
NMP  
B  C  D  -460 
M11 
100% 
RA OD 
TSMA  
B   A C -510 
M6 VA 
80MC 
NMP  
C  D  -560 
M9 
100% 
RA 
85%MC 
TSMA  
B  C  D  -460 
M5 VA 
80MC 
TSMA  
B   D C -537 
M7 
100% 
RA SSD 
TSMA  
E  D  -580 
M7 
100% 
RA SSD 
TSMA  
B  C  D  -460 
M8 
100% 
RA SSD 
NMP  
B E D C -540 
M3 
100% 
VA SSD 
TSMA  
E    -587 
M3 
100% 
VA SSD 
TSMA  
B  C  D  -463 
M6 VA 
80MC 
NMP  
B E D C -540 
M10 
100% 
RA 
85%MC 
NMP  
E    -590 
M10 
100% 
RA 
85%MC 
NMP  
B  C  D  -470 
M12 
100% 
RA OD 
NMP  
  E D C -553 
M11 
100% 
RA OD 
TSMA  
E    -593 
M11 
100% 
RA OD 
TSMA  
E  C  D  -483 
M10 
100% 
RA 
85%MC 
NMP  
  E D   -563 
M8 
100% 
RA SSD 
NMP  
E  F  -600 
M8 
100% 
RA SSD 
NMP  
E    D  -507 
M3 
100% 
VA SSD 
TSMA  
  E D   -570 
M4 
100% 
VA SSD 
NMP  
G  F  -620 
M4 
100% 
VA SSD 
NMP  
E      -527 
M4 
100% 
VA SSD 
NMP  
  E     -583 
M12 
100% 
RA OD 
NMP  
G    -630 
M12 
100% 
RA OD 
NMP  
*Means with the same letter are not significantly different. 
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Table 32 (continued). Tukey Grouping for Free Shrinkage (Stage III) 
112 days 
Tukey Grouping* Mean  Mix 
  A    -500 M2 100% VA OD TSMA  
B A    -527 M1 100% VA OD NMP  
B  C    -543 M5 VA 80MC TSMA  
  C    -560 M6 VA 80MC NMP  
D  C    -570 M9 100% RA 85%MC TSMA 
D  E    -597 M3 100% VA SSD TSMA  
D  E  F  -600 M7 100% RA SSD TSMA  
  E  F  -610 M10 100% RA 85%MC NMP  
  E  F  -620 M8 100% RA SSD NMP  
    F  -630 M4 100% VA SSD NMP  
*Means with the same letter are not 
significantly different. 
 
It is generally assumed that concrete with recycled aggregate will have more free 
shrinkage than a similar virgin aggregate concrete given the same volumetrics. Analyzing the 
results from the free shrinkage tests, several important aspects are noted. At early ages, the 
recycled aggregate mixture exhibit lower shrinkage levels than the virgin aggregate. This is in 
spite of the mixtures having a constant w/c and new paste volume. At later ages, this trend is 
reversed and the rate of free shrinkage remains higher for the duration of the investigation. 
These trends in the free shrinkage data can be accounted for by the increased porosity of the 
recycled aggregate. The porosity of the recycled aggregates store substantially more water than 
the pores in the virgin aggregate. Assuming the paste matrix in the virgin and recycled mixtures 
is roughly equivalent, the drying rate should also be roughly equivalent. The internal relative 
humidity of concrete has been shown to be tied to free shrinkage (Grasley et al. 2006; Ryu et al. 
2011). The additional water stored in the recycled aggregates maintains a higher internal 
relative humidity which results in lower drying shrinkage at early ages. However, the additional 
water acts only to delay the drop in relative humidity and extends the time necessary for the 
concrete to reach an equilibrium moisture state. Shrinkage from drying will follow this trend as 
well. This is reflected in the measurements of weight loss over time where the virgin aggregate 
mixture reaches a steady state well before the recycled aggregate does. Furthermore, recycled 
aggregates have lower stiffness than virgin aggregates and provide a lower level of internal 
restraint to the system. Combining the lower stiffness and delayed moisture loss of the recycled 
aggregate system results in higher free shrinkage levels at later ages.  
 
3.3.3 Regression Analysis 
A multiple linear regression analysis was performed on the Stage III strength results 
using a method outlined by Evangelista and Roesler (2009). The analysis considered the 
influence of the aggregate type, mixing method, aggregate moisture content, and the second- 
and third-order interactions of these variables, which can be evaluated based on the magnitude 
of the regression coefficient relative to the other coefficients. The regression model is as follows 
where Y is the strength, μ is the mean strength, α is the regression coefficient, and x is the 
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coded variable (see Table 33). The i, j, and k represent the first, second, and third orders, 
respectively.  
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The aggregate type and mixing method were coded as being “high” and “low” by +1 and -1, 
respectively, as shown in Table 33. The aggregate moisture content had three conditions (OD, 
SSD, and 80% MC), so the variable was coded as +1 for SSD, -1 for OD, and +0.6 for 80% MC.  
 
Table 33. Coded Variable Assignments for Linear Regression 
Variable “Low” “Medium” “High” 
Aggregate Type 
RCA -- Virgin Aggregate 
-1 -- +1 
Mixing Method 
NMP -- TSMA 
-1 -- +1 
Aggregate 
Moisture Content 
OD 80% MC SSD 
-1 +0.6 +1 
 
The “effect” of each variable or variable interaction can be inferred based on the 
magnitude of the normalized regression coefficient. The regression results (Figure 30) indicate 
that, for all strengths evaluated, the strength will increase with virgin aggregate versus RCA and 
increase for TSMA versus NMP. For all strengths except split tension, it appears that the 
strength will increase for 80% MC versus OD and SSD versus OD. The effect of aggregate 
moisture content on compressive strength is most significant for earlier ages than for later ages. 
The second- and third-order interactions do not appear to be very significant. Overall it appears 
that the greatest influence on the strength of the concrete is the aggregate type and aggregate 
moisture content.  
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Figure 30. Regression coefficients for each of the strengths in Stage III normalized to the mean. 
A = aggregate type, M = mix method, MC = aggregate moisture content  
 
The results of the regression analysis indicate that TSMA will increase the strength of 
the concrete relative to NMP. In addition, the aggregate moisture content can affect the strength 
in that aggregates at SSD or near SSD will produce higher-strength concrete relative to oven 
dry. As expected, the virgin aggregate is expected to produce higher strengths relative to RCA.  
 
3.3.3 Stage III Conclusions 
Examining the effect on slump, the two stage mixing approach resulted in a higher slump 
versus the normal mixing procedure for all initial aggregate moisture conditions. The initial 
aggregate moisture condition did not significantly affect the slump for a fixed mixing procedure 
except when using the oven-dry RCA with NMP. Overall, the VAC had a higher compressive 
and split tensile strength than RCA concrete. The greatest difference in compressive strength 
was between VA and RCA concrete with the aggregate initially in the oven-dry condition. The 
TSMA produced greater mean compressive and split tensile strengths relative to the NMP for 
both RCA and VAC. The mean free shrinkage was slightly greater (~5%) for the RCA for all 
aggregate moisture states at 112 days but at earlier ages (<28 days) the RCA concrete had a 
lower free shrinkage than VAC. The mixing procedure and initial aggregate moisture state did 
not influence the free shrinkage significantly for RCA and VAC.  
 
3.4 STAGE IV: EFFECTS OF RCA FINE AGGREGATE (RFA) AND SUPPLEMENTARY 
CEMENTITIOUS MATERIAL CONTENTS ON FRESH AND HARDENED PROPERTIES OF 
CONCRETE 
The fourth stage of the present research included the study of the effect of the 
incorporation of different percentages of RCA fine aggregate (RFA) content on the fresh and 
hardened properties of RCA concretes as well as replacement of cement with higher volume 
percentages of supplementary cementitious materials such as Class C fly ash and ground 
granulated blast furnace slag (GGBFS) in order to improve the workability and long-term 
properties of RCA concrete. The study includes the mixes shown in Table 34. The specific 
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mixture proportions and constituents are listed in Table 35 and Table 36. All ten mixtures were 
created using the TSMA.  
 
Table 34. Stage IV Concrete Mixes to Evaluate the Effect of RCA Fines (RFA) and 
Supplementary Cementitious Materials and Contents 
Mix No. Mix 
1 100% RCA + 20%FA+ 30% RFA 
2 100% RCA +35%FA+ 30% RFA 
3 100% RCA +50%FA+ 20% RFA 
4 100% RCA +60%FA+ 20% RFA 
5 100% RCA +20%FA+ 50% RFA 
6 100% RCA +50%FA+ 50% RFA 
7 100% RCA +50%FA + V. Sand 
8 100% RCA +35%SLAG+ 30% RFA 
9 100% RCA +30%SLAG+ 30FA+30% RFA
10 100% RCA +30%SLAG+ 30FA+50% RFA
RCA = Recycled Concrete Aggregate 
FA = Class C Fly Ash 
RFA = RCA Fine Aggregate
 
3.4.1 Mixture Constituents and Proportions 
Ten mixtures were designed and produced in the laboratory using 100% coarse RCA 
with the same optimized gradation used for in Stages I through III of the project (see Table 35 
and Table 36). Additionally RFA (passing #4 sieve) was used as partial replacement of natural 
fine aggregate. A total cementitious content of 517 lb/yd3 was utilized, which included different 
percentages of Class C fly ash and GGBFS as partial replacement of Portland cement. The 
water to cementitious ratio was 0.42 for all of the mixes. All batching and mixing of the 
concretes followed the TSMA. Based on the results from Stage III, all aggregates were in the 
partially-saturated (80-85% MC) condition. In order to maintain the designed mix proportioning, 
the amounts of water and aggregates used in mixing were adjusted according to the actual 
moisture contents of the aggregates. A high range water reducing admixture (i.e. 
superplasticizer) was employed to maintain the slump between 4 and 6 inches. No air entraining 
agent was added to any of the mixtures in Stage IV. 
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Table 35. Stage IV Mixture Proportions and Hardened Concrete Properties with Various Fly Ash and RFA Contents 
 
 
Table 36. Stage IV Mixture Proportions and Hardened Concrete Properties with Higher Fly Ash, Slag, and RFA Contents 
60% 1799 60% 1799 60% 1790 60% 1781 60% 1781
12% 328 20% 547 12% 327 32% 217 20% 542
28% 895 20% 640 28% 891 8% 1013 20% 633
3 days
7 days
28 days
Flexural 
Strength (psi) 28 days
Splitting tensile 
(psi) 28 days
586
300 ml / 100 kg of cement
714 656 588
6837
6" 6" 6.75"4"
4027
5514
548
217
259
3473 2640
41165297
6052 5835 6184
29214623
414 336 259
259
3
4.5"
675
RCA Coarse Aggregate
RCA Fine Aggreage (RFA)
781 655 631854
4880 4582 4369
414
103 181 259103
3 3 33
280 ml / 100 kg of cement 250 ml / 100 kg of cement 210 ml / 100 kg of cement300 ml / 100 kg of cement
Cement 
Fly Ash
Air
Natural Sand
SP
Slump
Compressive 
Strength (psi)
Mix No.
Material
Water
20%FA+ 30% RFA 35%FA+ 30% RFA 50%FA+ 20% RFA20%FA+ 50% RFA
Content (lb/yd3)
217 217 217217
50%FA+ 50% RFA
60% 1781 60% 1775 60% 1805 60% 1787 60% 1787
0% 0 32% 216 12% 329 12% 326 20% 544
40% 1266 8% 1009 28% 898 28% 890 20% 635
3 days
7 days
28 days
Flexural 
Strength (psi) 28 days
Splitting tensile 
(psi) 28 days
155
620 699 652 651
792 932 877 871
4176 5233 3929 3904
6106 6991 5845 6294
3 3 3
5638
2052
200 ml / 100 kg of cement
2643 3359 1961 1908
3613
5.25" 3.5" 4" 3"
200 ml / 100 kg of cement 320 ml / 100 kg of cement 320 ml / 100 kg of cement 350 ml / 100 kg of cement
7"
155
207
30%SLAG+ 30FA+50% RFA
Content (lb/yd3)
217 217 217 217
Compressive 
Strength (psi)
259 336 207
3
566
561
259 0 155
Water
Cement 
Fly Ash
Air
RCA Coarse Aggregate
RCA Fine Aggreage (RFA)
Natural Sand
SP
Slump
50%FA + V. Sand 35%SLAG+ 30% RFA
3
Mix No.
Material
Slag 0 0 181 155
310
60%FA+ 20% RFA
217
207
30%SLAG+ 30FA+30% RFA
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3.4.2 Stage IV Results 
3.4.2.1 Fresh Properties 
The initial slump of the concrete mixes in Stage IV is shown in Table 35 and Table 36 
and plotted in Figure 31. The fresh concrete results obtained from the fly ash and slag mixes 
showed a significant variation in the slump values with the substitution of fly ash, slag, and RFA. 
In general, the slumps of the fly ash concretes were in the range of 4 to 6 inches with few 
exceptions. The superplasticizer requirement of high-volume fly ash mixes were low and ranged 
from 200 to 250 ml per 100 kg of cement due to the increase in paste volume and the fly ash 
particles being spherical. In comparison, the low-volume fly ash, the slag, and the ternary blend 
(cement, fly ash, and slag) concrete mixes had higher dosages in the range of 280 to 350 ml per 
100 kg of cement. In all cases, the RFA decreased the slump as well as required more 
superplasticizer to be added. The RFA particles are more angular, requiring a greater water 
demand, and thus increased the resistance to concrete flow for the same paste content. The 
ternary mix was obtained by mixing 30% slag, 30% fly ash, and 50% RFA, and it showed the 
highest superplasticizer requirement among all the mixes tested at 350 ml per 100 kg of 
cement.  
 
   
Figure 31. Slump test for Stage IV mixes with higher volume of fly ash, slag, and RFA, relative 
to the control VAC and RCA mixes from Stage III. 
 
3.4.2.2 Compressive Strength 
The compressive strength results determined for 3, 7 and 28 days are given in Table 35 
and Table 36 and plotted in Figure 32. The three day strength of the of the concrete mixes 
ranged from 5013 psi for the RCA control mix from Stage III and decreased to 1900 psi for the 
mixes with both fly ash and slag. As expected, there was a reduction in the compressive 
strength with the increase in the fly ash content for the ages tested (28 days), but there was no 
reduction in strength with an increase in the content of the RFA. Even with the higher fly ash 
content mixes, the minimum 28 day strength achieved was 5638 psi for the 60% fly ash and 
20% RCA fines. The RCA mix with 20% fly ash and 100% virgin sand had a compressive 
strength of 4,251 psi at 3 days, and the compressive strength was 4027 and 4623 psi for the 
mixes with the same percentage of fly ash but including 30% and 50% of RFA, respectively. 
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Similar behavior was found at 3 days between the mixes with 50% fly ash where the 
compressive strengths were 2643, 2971 and 2640 psi for the mixes with 100% RCA coarse with 
100% virgin sand, 20% RFA replacement, and 50% RFA replacement, respectively. The highest 
28-day compressive strength was for the 20% fly ash and 50% RFA and the concrete mix with 
35% slag and 30% RFA. The lowest rate of strength development, shown in Figure 33, was 
primarily related to the highest pozzolan replacement contents. 
 
   
Figure 32. Compressive strength of Stage IV concrete mixes with higher volumes of fly ash, 
slag, and RFA, with respect to the control VAC and RCA mixes from Stage III. 
 
 
 
  
0
500
1000
1500
2000
2500
3000
3500
4000
4500
5000
5500
6000
6500
7000
7500
8000
8500
Co
m
pr
es
si
ve
 St
re
ng
th
 (p
si
)
3 Days
7 Days
28 Days
55 
 
   
Figure 33. Rate of strength development for Stage IV concrete mixes, with respect to the control 
VAC and RCA mixes from Stage III. 
 
An ANOVA test of the compressive strength results showed that the various mixtures 
had statistically different compressive strengths at all ages (Table 45). The results of the 
pairwise Tukey analysis for all ages can be found in Appendix A with the Tukey grouping for the 
28-day compressive strength shown in Table 38. With the Tukey analysis, there are 5 distinct 
groupings that have statistically similar compressive strengths. The VAC had the greatest 
strength while in general the high fly ash mixtures had the lowest 28-day strengths. 
 
Table 37. ANOVA Results for Compressive Strength (Stage IV) 
Age Degrees of Freedom 
Type I Sum of 
Squares 
Mean 
Squares F Value P Value 
3 11 44738791.64 4067162.88 1703.54 <.0001 
7 11 21052329.33 1913848.12 158.92 <.0001 
28 11 17546904.08 1595173.10 121.15 <.0001 
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Table 38. Tukey Grouping for 28-Day Compressive Strength (Stage IV) 
Tukey Grouping* Mean Mix 
 A 8020 
100% VA 80%MC 
TSMA 
 B 7064 
100% RCA 85% MC 
TSMA 
 B 6991 
100% RCA 
+35%SLAG+30% 
RFA 
 B 6837 
100% RCA 
+20%FA+ 50% RFA 
 C 6294 
100% RCA 
+30%SLAG+ 
30FA+50% RFA 
 C 6184 
100% RCA 
+50%FA+ 20% RFA 
D C 6106 100% RCA +50%FA + V. Sand 
D C 6052 100% RCA + 20%FA+ 30% RFA 
D E 5845 
100% RCA 
+30%SLAG+ 
30FA+30% RFA 
D E 5835 100% RCA +35%FA+ 30% RFA 
 E 5638 
100% RCA 
+60%FA+ 20% RFA 
 E 5514 
100% RCA 
+50%FA+ 50% RFA 
*Means with the same letter are not significantly 
different. 
 
The mean 28-day compressive strength for the virgin aggregate concrete in Stage III 
(7,823 psi) was greater than the mean strength for the mixtures completed in Stage IV (6,130 
psi). The primary reason for the strength reduction at 28 days for the Stage IV mixtures was the 
aggregate-paste bond between the RCA (coarse and fine) and new mortar and the higher 
pozzolan replacement contents. However, the compressive strength results for the high RCA 
fines and pozzolan content mixtures still produces sufficient strength for concrete pavement 
applications. 
 
3.4.2.3 Split Tensile Strength 
The 28-day split tensile strength values of the RCA concretes ranged from 548 psi for 
the mix with 50% fly ash and 50% RCA fines to 699 psi for the mix with 35% slag and 30% RCA 
fines, compared to 754 psi for the RCA and 804 psi for the VAC control mixes from Stage III. 
The split tensile strength generally decreased with the increase in fly ash content and also with 
the increase of the content of RFA, as shown in Figure 34. 
 An ANOVA analysis revealed that the strengths of the various mixtures were statistically 
different (Table 39). The Tukey pairwise analysis is included in Appendix A, but the grouping is 
shown in Table 40. As can be seen, there are clusters of mixtures that have statistically similar 
split tensile strengths with the RCA and VAC at 20% fly ash content achieving the highest split 
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tensile strength. The lowest split tensile strengths were again mixtures with high volumes of fly 
ash.  
 
 
 
Figure 34. Split tensile strength of Stage IV concrete mixes, relative to the control VAC and RCA 
mixes from Stage III.  
 
Table 39. ANOVA Results for Split Tensile Strength (Stage IV) 
Age Degrees of Freedom 
Type I Sum of 
Squares 
Mean 
Squares F Value P Value 
28 11 151001.3788 13727.3981 22.30 <.0001 
 
Table 40. Tukey Grouping for 28-Day Split Tensile Strength (Stage IV) 
Tukey Grouping* Mean Mix 
A 804 100% VA 80%MC TSMA  
A B   752 
100% RCA 85% MC 
TSMA  
 B C  714 
100% RCA + 20%FA+ 
30% RFA  
 B C  699 
100% RCA +35%SLAG+ 
30% RFA  
D B C  675 
100% RCA +20%FA+ 
50% RFA  
D  C E 656 
100% RCA +35%FA+ 
30% RFA  
D  C E 652 
100% RCA +30%SLAG+ 
30FA+30% RF  
D  C E 651 
100% RCA +30%SLAG+ 
30FA+50% RF  
D F  E 620 
100% RCA +50%FA + V. 
Sand  
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 F  E 588 
100% RCA +50%FA+ 
20% RFA  
 F   566 
100% RCA +60%FA+ 
20% RFA  
 F   548 
100% RCA +50%FA+ 
50% RFA  
*Means with the same letter are not significantly different. 
 
3.4.2.4 Flexural Strength 
The flexural strengths of concretes determined at 28 days are given in Table 35 and 
Table 36 and illustrated in Figure 35. The RCA control concrete (from Stage III) gave a 28-day 
flexural strength of 708 psi and among the high replacement mixtures, the flexural strengths 
ranged from 374 psi for the 60% fly ash with 20% RFA mix to 622 psi for the mix with 35% slag 
and 30% RFA. The concretes incorporating slag achieved the highest flexural strengths at 28 
days, exceeding the higher fly ash content concretes. The RCA mixtures with fly ash content of 
50% and 60% and RFA did not achieve sufficient flexural strength at 28 days to meet existing 
airfield concrete specifications. In order to meet the existing strength requirements, 90-day 
strength specifications would need to be implemented for combined high fly ash and RFA 
mixtures. The ratio of the flexural to compressive strength was approximately 12% for the Stage 
IV concretes tested, which falls into the typical range for concrete (Mindess et al. 2003).  
An ANOVA test showed that the flexural strengths for all mixes were statistically different 
(Table 41). The pairwise Tukey comparison for the flexural strength is shown in Appendix A, 
and the Tukey grouping (Table 42) showed that most of the mixtures in Stage IV were not 
statistically similar to each other. All of the mixes with slag had statistically similar flexural 
strengths as well as the mixtures that contained both RFA and a high (50-60%) fly ash content.  
 
    
Figure 35. Flexural strength of Stage IV concrete mixes, relative to the control VAC and RCA 
mixes from Stage III.  
 
Table 41. ANOVA Results for Flexural Strength (Stage IV) 
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Age Degrees of Freedom 
Type I Sum of 
Squares 
Mean 
Squares F Value P Value 
28 11 544229.0000 49475.3636 147.91 <.0001 
 
Table 42. Tukey Grouping for 28-Day Flexural Strength (Stage IV) 
Tukey Grouping* Mean Mix 
 A  799 
100% VA 80%MC 
TSMA 
 B  708 
100% RCA 85% MC 
TSMA 
 C  622 
100% RCA 
+35%SLAG+ 30% 
RFA 
 C  585 
100% RCA 
+30%SLAG+ 
30FA+30% RF 
D C  581 
100% RCA 
+30%SLAG+ 
30FA+50% RF 
D C E 569 100% RCA +20%FA+ 50% RFA 
D  E 528 
100% RCA +50%FA 
+ V. Sand 
  E 521 
100% RCA + 
20%FA+ 30% RFA 
 F  437 
100% RCA +35%FA+ 
30% RFA 
G F  421 
100% RCA +50%FA+ 
20% RFA 
G F  391 
100% RCA +50%FA+ 
50% RFA 
G   374 
100% RCA +60%FA+ 
20% RFA 
*Means with the same letter are not significantly different. 
 
3.4.2.5 Drying Shrinkage 
The results of the shrinkage measurements taken in the laboratory investigation are 
shown in Figure 36 and Figure 37. The shrinkage of the Stage IV mixtures with higher pozzolan 
content and RFA was less than 10% different at all ages up to 56 days compared to the Stage 
III RCA concrete result. Figure 36 showed that in general, the shrinkage strains were greater for 
mixtures with the RFA and higher pozzolan contents. In general, the shrinkage strains were 
higher for mixtures with greater RFA and pozzolan contents as shown in Figure 37. The drying 
shrinkage strain rates were lowest for the VAC and coarse RCA concrete at 56 days without 
RFA and higher pozzolan contents.  
 An ANOVA test on the shrinkage results revealed that the mixes were statistically 
significant at all ages (Table 43). A Tukey analysis revealed that at early ages (4 and 7 days), 
the drying shrinkage of nearly all mixes were statistically the same (see Table 44 and Appendix 
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A) and at later ages (most notably at 56 days), the shrinkage strains were different. There does 
not appear to be a trend in the relationship between shrinkage and RFA content.  
 
 
Figure 36.  Drying shrinkage of Stage IV concrete mixes with fly ash and low replacement 
contents of RFA. 
 
 
Figure 37. Drying shrinkage of Stage IV concrete mixes with fly ash, slag, ternary blends, and 
higher RFA contents. 
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Table 43. ANOVA Results for Drying Shrinkage (Stage IV) 
Age Degrees of Freedom 
Type I Sum of 
Squares 
Mean 
Squares F Value P Value 
4 11 13293.13725 1208.46702 3.63 0.0049 
7 11 16647.05882 1513.36898 4.76 0.0009 
14 11 55238.23529 5021.65775 23.02 <.0001 
28 11 66328.43137 6029.85740 248.73 <.0001 
56 11 108432.1078 9857.4643 650.59 <.0001 
 
Table 44. Tukey Grouping for Drying Shrinkage (Stage IV) 
4-Day Shrinkage 14-Day Shrinkage 56-Day Shrinkage 
Tukey 
Grouping* Mean Mix 
Tukey 
Grouping* Mean Mix 
Tukey 
Grouping* Mean Mix 
 A -153 
100% RCA 
+35%SLAG+ 
30% RFA  
A  -337 
100% RA 
85%MC 
TSMA  
A -480 
100% RCA 
+50%FA+ 
50% RFA 
B A -170 
100% RCA 
+50%FA + V. 
Sand  
A  -337 
100% RCA 
+50%FA+ 
50% RFA  
B -495 
100% RCA 
+50%FA + V. 
Sand 
B A -173 100% RA 85%MC TSMA B A  -340 
100% RCA 
+50%FA + 
V. Sand 
C B -500 
100% RCA 
+50%FA+ 
20% RFA 
B A -180 
100% RCA 
+30%SLAG+ 
30FA+30% 
RFA 
B A  -347 
100% RCA 
+50%FA+ 
20% RFA 
C B -500 VA 80MC TSMA 
B A -183 
100% RCA 
+30%SLAG+ 
30FA+50% 
RFA 
B A C -367 
100% RCA 
+35%FA+ 
30% RFA 
C  -510 
100% RA 
85%MC 
TSMA 
B A -183 
100% RCA 
+35%FA+ 
30% RFA 
B A C -383 
100% RCA 
+35%SLAG+ 
30% RFA  
D -533 
100% RCA 
+35%SLAG+ 
30% RFA 
B A -190 
100% RCA 
+60%FA+ 
20% RFA 
B A C -383 
100% RCA + 
20%FA+ 
30% RFA  
E -560 
100% RCA 
+60%FA+ 
20% RFA 
B A -197 
100% RCA + 
20%FA+ 30% 
RFA 
B  C -387 
100% RCA 
+20%FA+ 
50% RFA  
E -560 
100% RCA 
+35%FA+ 
30% RFA 
B A -203 
100% RCA 
+50%FA+ 
50% RFA 
B  C -387 
100% RCA 
+60%FA+ 
20% RFA  
F -600 
100% RCA 
+20%FA+ 
50% RFA 
B A -207 
100% RCA 
+20%FA+ 
50% RFA  
D C -400 VA 80MC TSMA  F -610 
100% RCA + 
20%FA+ 30% 
RFA 
B  -220 
VA 80MC 
TSMA E D  -447 
100% RCA 
+30%SLAG+ 
30FA+30% 
RFA 
 G -637 
100% RCA 
+30%SLAG+ 
30FA+30% 
RFA 
B  -223 
100% RCA 
+50%FA+ 
20% RFA 
E   -470 
100% RCA 
+30%SLAG+ 
30FA+50% 
RFA 
 H -650 
100% RCA 
+30%SLAG+ 
30FA+50% 
RFA 
*Means with the same letter are not significantly different. 
 
3.4.3 Stage IV Conclusions 
Workable concrete mixes with low cementitious content were obtained for all mixtures 
evaluated with the use of a superplasticizing agent. In general, the slump was reduced with the 
addition of RFA which increased the required superplasticizer dosage. As expected, increases 
in the fly ash content of the RCA mixtures increased the slump primarily due to the increase in 
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the total paste content. An analysis of variance demonstrated that the compressive, split tensile, 
and flexural strengths were statistically affected by the RFA content and higher volumes of 
supplementary cementitious materials. Mixtures containing higher fly ash volumes (>30%) with 
addition of slag) achieved mean flexural strength values less than typically required for concrete 
pavement acceptance and thus mix adjustments and specifications would need to be 
implemented. In general, RFA and high volumes of supplementary cementitious materials had 
similar free shrinkage strains to virgin aggregate concrete (Stage III) at ages less than 28 days 
but were greater than the free shrinkage strains after 28 days relative to the virgin and RCA 
concrete in Stage III. Overall, the free shrinkage strain rates at 56 days especially for mixtures 
with higher pozzolan and RFA content were much higher than the virgin aggregate concrete 
(Stage III). 
 
3.5 STAGE V: PERMEABILITY AND FREEZE/THAW DURABILITY OF AIR-ENTRAINED 
CONCRETE WITH COARSE RCA AND RFA 
The previous four stages of the study involved concrete without the addition of an air-
entraining admixture. In order to validate the acceptability of RCA in concrete for airfield 
pavements, the durability of air-entrained concrete needed to be evaluated, since the practice of 
air-entrainment is typically performed for rigid pavements at O’Hare Airport.  
 
3.5.1 Mixture Proportions 
A total of eight concrete mixtures were designed and produced in the laboratory, 
following the results from Stages III and IV. The mixture proportions included a total of 517 
lb/yd3 of cementitious materials with a water-to-cementitious ratio of 0.42. The aggregate 
moisture condition was oven dry. All mixes had a replacement of cement with Class C fly ash 
and/or slag. Mixes 1-5 had a replacement with fly ash, Mixes 6 and 7 contained a ternary mix 
with both fly ash and slag, and Mix 8 only used slag. Only Mix 1 (control) utilized virgin coarse 
and fine aggregate. Mixes 2-8 used 100% coarse RCA while Mixes 3-8 contained 100% coarse 
RCA and a portion of RFA as a replacement of virgin fine aggregate. The mix designs can be 
found in Table 45. The superplasticizer and air-entraining admixture dosages were relatively 
consistent between mixes.   
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Table 45. Mix Design with Fresh and Hardened Properties for the Stage V Mixes 
7 days
14 days
28 days
Splitting 
Tensile 
(psi)
28 days
100%RCA 30%RFA 
35%Slag
8
100%RCA 30%RFA 
20%FA
3
100%RCA 50%RFA 
20%FA
4
100%RCA 50%RFA 
50%FA
5
Mix No.
Control (Virgin)      
20% FA
1
100%RCA 20%FA
2
Material
Water
Cement
Fly Ash
Virgin Coarse 
100%RCA 50%RFA 
30%FA 30%Slag
6
100%RCA 30%RFA 
30%FA 30%Slag
7
Superplasticizer
Air Entraining 
Slump
Air Content
Unit Weight (lb/ft3)
Slag
RCA Coarse 
RCA Fine Aggregate 
Natural Sand
Content (lb/yd3)
217 217 217 217 217 217 217 217
336
0
181
413
103
258
258
207
155
0 0 0 0 0 155
207
155
155
413
103
413
103
413
103
0
1868
0
1868
0 0 340 567 558 544 327 330
0
1868
0
1868
0
1868
1909
0
0
1868
0
1868
572 800 809
174 ml  / 100 kg cement0 174 ml  / 100 kg cement 174 ml  / 100 kg cement 174 ml  / 100 kg cement 130 ml  / 100 kg cement 130 ml  / 100 kg cement 130 ml  / 100 kg cement
1243 1191 834 596 586
75 ml  / 100 kg cement 78 ml  / 100 kg cement 78 ml  / 100 kg cement
7.5" 6" 5.25" 6" 7.25" 5" 6.5" 2.75"
75 ml  / 100 kg cement 75 ml  / 100 kg cement 75 ml  / 100 kg cement 75 ml  / 100 kg cement 75 ml  / 100 kg cement
Comp. 
Strength 
(psi)
3288
4193
4798
450
137.6 137.2 136.0
5.5% 6.0% 5.7% 6.5% 5.0% 5.0% 5.2% 6.0%
144.2 138.4 138.4 136.2 138.0
3150
3768
4249
393
2285
2878
3290
303
3214
3841
4331
407
3363
4049
4666
390
2563
3199
3615
334
2240
2889
3249
303
2060
2702
3062
282
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3.5.2 Stage V Results 
3.5.2.1 Fresh Properties 
With the addition of both superplasticizer and air-entraining admixtures, the slump was 
relatively high. The use of fly ash increased the slump, due to the fine spherical particles and 
higher paste content. The only mix that was less workable (at 2.75 inches slump) was Mix 8, 
which was the only mix that did not contain fly ash. The air content was suitable for all mixtures, 
ranging from 5.0-6.5%, which is within the recommended range for sufficient freeze/thaw 
resistance. The unit weight decreased for all mixes relative to the control, due to the lower 
specific gravity of the RCA and RFA.  
 
3.5.2.2 Strength Properties 
The Stage V concrete mixtures were evaluated for compressive strength at 7, 14, and 28 
days and for split tensile strength at 28 days, as seen in Table 45. Each reported strength value 
is the average of three specimens. The compressive strength is plotted in Figure 38. As is 
consistent with the previous findings, the compressive strength is slightly reduced with the use 
of 100% RCA. The addition of higher proportions of cementitious materials (such as 50% fly 
ash, or the ternary mixes) resulted in reductions in compressive strength due to the slower 
reactivity of these cementitious materials versus plain cement.  
 
 
Figure 38. Stage V compressive strength at 7, 14, and 28 days.  
 
A plot of the split tensile strength at 28 days is shown in Figure 39. The results are 
consistent with the compressive strength results in that the strength is reduced with the addition 
of 100% RCA, and that the use of higher amounts of supplementary cementitious materials 
reduced the strength. The split tensile strength values were reduced relative to the Stage IV 
mixes (see Figure 34) due to the increase in entrained air.  
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Figure 39. Stage V split tensile strength at 28 days. 
 
3.5.2.3 Rapid Chloride Penetration Test (RCPT) Results 
The procedure for the RCPT was outlined previously in Section 2.4.5. Based on ASTM 
C1202, all concrete specimens obtained a rating of low or very low, as seen in Table 46 and 
Figure 40. It should be noted that not all RCPT specimens were tested at the same age and 
some were not continuously moist cured. Mixes 1, 2, and 5-8 were all continuously moist-cured 
until the testing age. Mixes 3 and 4 were moist-cured until 56 days and then air-cured until the 
testing age (although the specimens were submerged in water to fully saturated them prior to 
testing with RCPT). As expected, Mixes 5-8 had very low RCPT ratings due to the extended 
hydration time allowing for the fly ash and slag to densify the microstructure. The results 
indicate that chloride ingress may not be an issue with the use of RCA and RFA provided that 
supplementary cementitious materials are utilized and sufficient curing time is given for the 
concrete with high pozzolan replacements.  
 
Table 46. RCPT Results for Concrete in Stage V 
Mix Description Testing Age (days) 
Average RCPT 
Value Rating 
1 Control (Virgin) 20% FA 56 1584 Low 
2 100%RCA 20%FA 56 972 Very Low 
3 100%RCA 30%RFA 20%FA 179 1808 Low 
4 100%RCA 50%RFA 20%FA 182 1651 Low 
5 100%RCA 50%RFA 50%FA 128 825 Very Low 
6 100%RCA 50%RFA 30%FA 30%Slag 129 439 Very Low 
7 100%RCA 30%RFA 30%FA 30%Slag 143 419 Very Low 
8 100%RCA 30%RFA 35%Slag 146 848 Very Low 
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Figure 40. RCPT results for the Stage V concrete. 
 
3.5.2.4 Air Permeability Results 
The procedure for the air permeability test was outlined previously in Section 2.4.6. 
Similar to the RCPT specimens, not all air permeability specimens were continuously moist-
cured. Mixes 1, 2, and 5-8 were all continuously moist-cured until the testing age. Mixes 3 and 4 
were moist-cured until 56 days and then air-cured until the testing age. The testing results from 
the AutoClam unit produce results for the air permeability and a value of AutoClam Permeability 
Index (API), which correlates to a rating for the permeability (see Table 7). The results from the 
AutoClam unit can be found in Table 47. The majority of the concrete mixtures reached a 
permeability rating of very good, with the exception of Mixes 3 and 4 (likely due to less moist 
curing). The results demonstrate that concrete with RCA and RFA can obtain acceptable 
permeability ratings, provided that supplementary cementitious materials are utilized.  
 
Table 47. AutoClam Air Permeability Results for Stage V Concrete 
Mix Description Testing Age (days) 
Average Air 
Permeability (m2) 
Average 
API Rating 
1 Control (Virgin) 20% FA 56 7.20E-17 0.0608 Very Good 
2 100%RCA 20%FA 56 5.66E-17 0.0460 Very Good 
3 100%RCA 30%RFA 20%FA 176 1.15E-16 0.1036 Good to Very Good 
4 100%RCA 50%RFA 20%FA 176 1.45E-16 0.1357 Good 
5 100%RCA 50%RFA 50%FA 126 2.44E-17 0.0175 Very Good 
6 100%RCA 50%RFA 30%FA 30%Slag 126 5.61E-17 0.0455 Very Good 
7 100%RCA 30%RFA 30%FA 30%Slag 141 3.98E-17 0.0312 Very Good 
8 100%RCA 30%RFA 35%Slag 142 6.45E-17 0.0534 Very Good 
 
3.5.2.5 Freeze/Thaw Durability 
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The procedure for the freeze/thaw test was outlined previously in Section 2.4.7. The 
freeze/thaw test was conducted during two different periods, with Mixes 1-4 being tested 
simultaneously and Mixes 5-8 being tested simultaneously. The specimens were cured in lime-
saturated water until the testing age. Mixes 1-4 began freeze/thaw testing at an age of 65 days, 
and Mixes 5-8 began testing at an age of 116 days. Plots of the durability factor and concrete 
mass loss as a function of the number of freeze/thaw cycles are shown in Figure 41 and Figure 
42. The results at the end of the test (300 freeze/thaw cycles) are summarized in Table 48. All 
concrete mixtures retained a sufficient durability factor of at least 81 after 300 cycles, with 
minimal mass loss. The results indicate that concrete with RCA and RFA can be freeze/thaw 
resistant provided that the concrete is air entrained, utilizes supplementary cementitious 
materials, and is adequately cured.  
 
 
Figure 41. Durability factors as a function of freeze/thaw cycles for the Stage V concrete.  
 
80.0
82.5
85.0
87.5
90.0
92.5
95.0
97.5
100.0
102.5
0 50 100 150 200 250 300
Du
ra
bi
lit
y F
ac
to
r
Freeze/Thaw Cycles
M1
M2
M3
M4
M5
M6
M7
M8
68 
 
 
Figure 42. Mass loss due to freeze/thaw for the Stage V concrete. 
 
Table 48. Freeze/Thaw Durability Results After 300 Cycles 
Mix Description Durability Factor (DF) Mass Loss 
1 Control (Virgin) 20% FA 93.2 -4.9% 
2 100%RCA 20%FA 87.7 -3.6% 
3 100%RCA 30%RFA 20%FA 82.6 -4.1% 
4 100%RCA 50%RFA 20%FA 84.1 -3.3% 
5 100%RCA 50%RFA 50%FA 84.1 -0.9% 
6 100%RCA 50%RFA 30%FA 30%Slag 81.5 -2.1% 
7 100%RCA 30%RFA 30%FA 30%Slag 83.1 -2.1% 
8 100%RCA 30%RFA 35%Slag 83.3 -2.9% 
 
3.5.3 Stage V Conclusions 
Due to the variable curing condition of the concrete mixtures in Stage V, direct 
comparisons between specimens is difficult but general trends can be concluded. Concrete with 
RCA and RFA can have suitable workability and air content for pavement construction. The 
strength development appears to be hindered if high amounts of supplementary cementitious 
materials are used, but acceptable strengths can be obtained for properly proportioned 
mixtures. The rapid chloride penetration and air permeability tests revealed that suitable 
resistance to chloride penetration and air intrusion can be obtained for concrete with RCA and 
RFA if supplementary cementitious materials are used. Similarly, for concrete that is sufficiently 
air entrained and contains supplementary cementitious materials, the freeze/thaw durability can 
be acceptable, even if 100% RCA and high amounts of RFA are used.  
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CONCLUSIONS 
 
A study was conducted to evaluate the suitability of crushed airfield concrete as recycled 
concrete aggregates (RCA) for used in future airfield concrete pavement applications. Concrete 
mixtures were designed with the measured physical properties of the RCA including absorption 
capacity, specific gravity, and gradation. All concrete mixtures in this study had a total 
cementitious content of 517 lb/yd3 and a water-to-cementitious ratio of 0.42. A minimum of 20% 
of Type C fly ash partially-replaced the Type I cement.  During this study, two mixing procedures 
were evaluated to determine if the fresh and hardened properties of the RCA concrete could be 
improved: normal mixing procedure (NMP) stated in ASTM C192 (2007) and two-stage mixing 
approach (TSMA) proposed by Tam et al. (2008). The TSMA enables the RCA to be initially 
coated with a cement slurry during the mixing in order to improve workability and fill voids and 
cracks in the RCA to enhance the bonding and properties of the new interfacial transition zone.  
The study was separated into five research stages: I) effect of coarse RCA content on 
concrete hardened properties, II) effect of supplementary cementitious materials and chemical 
admixture contents on the slump loss and strength of RCA concrete, III) effect of initial 
aggregate moisture state and mixing procedure on RCA and virgin aggregate concrete 
properties, IV) effect of RCA fine aggregate (RFA) and supplementary cementitious material 
contents on the fresh and hardened properties of RCA concrete, and V) effect of air-entrained 
concrete containing coarse RCA and RFA on its freeze/thaw performance and permeability.  
Stage I results showed that RCA concrete can have similar compressive strengths to 
virgin aggregate concrete, but there was a reduction in the split tensile strength and fracture 
properties of RCA concrete as well as an increase in the long-term drying shrinkage.  
The results of Stage II showed that set retarders and higher fly ash contents can 
maintain the workability of the RCA concrete for longer periods of time due to the increase in 
initial slump. The rate of slump loss was similar for all pozzolan types (Classes C and F fly ash) 
and contents and chemical admixture (superplasticizer and set retarder) dosages. The 
compressive strength was not reduced with the use of set retarders in RCA concrete although 
higher fly ash contents reduced the strengths up to 28 days.  
As demonstrated in Stage III, the two stage mixing approach resulted in a higher slump 
versus the normal mixing procedure for all initial aggregate moisture conditions. In general, the 
initial aggregate moisture condition did not significantly affect the slump for a fixed mixing 
procedure and water-to-cementitious ratio. An analysis of variance showed that the mixing 
procedure and initial aggregate moisture condition did have a significant effect of strength for 
the virgin aggregate and RCA concrete. The aggregate type resulted in the greatest difference 
in compressive and split tensile strength in Stage III with virgin aggregate concrete resulting in 
higher strengths than RCA concrete. The TSMA also produced higher compressive and split 
tensile strength concrete relative to the NMP. The mixing procedure had little effect on the free 
drying shrinkage, but the RCA concrete had lower initial shrinkage until 28 days and had greater 
shrinkage at later ages and a 75% higher rate of shrinkage than virgin aggregate concrete at 
120 days.  
The partial replacement of sand with RFA in Stage IV showed that there was an effect 
on the initial slump of the mixtures depending on the RFA replacement percentage and the 
concrete strength (compressive, split tensile, and flexural strength). RFA mixtures containing 
higher fly ash contents achieved mean flexural strength values less than typically required for 
concrete pavement acceptance at 28 days. The effects of RFA and high volumes of 
supplementary cementitious materials on the free shrinkage were not significantly different than 
the virgin aggregate concrete (Stage III) at ages less than 28 days but were greater than the 
free shrinkage strains after 28 days for both the virgin and RCA concrete in Stage III mixes.   
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The permeability and freeze-thaw resistance of concrete with coarse and fine RCA was 
found to be adequate as long as sufficient curing time and air void system existed, as was 
shown in Stage V. The results from the rapid chloride penetration test and an air permeability 
test revealed that the chloride penetrability and air permeability ratings were relatively low.  
Overall, RCA can be used as a replacement for virgin coarse aggregate for airfield 
concrete pavement applications when looking at its effects on workability, strength, shrinkage, 
and durability. In this study with crushed airfield concrete, the replacement of virgin aggregates 
with coarse and fine RCA resulted in a slight strength reduction (compression, split tension, and 
flexural) as well as a reduction in fracture energy. Free shrinkage strains were similar up to 28 
days but RCA concrete had increased shrinkage strains at longer drying times. The freeze-thaw 
durability and permeability of RCA concrete was found to be acceptable even for higher 
pozzolan RCA mixtures as long as sufficient curing time was allotted. By utilizing a different 
batching and mixing procedure, TSMA, and supplementary cementitious materials, the 
workability of coarse and fine RCA can be used successfully to cast concrete pavements with 
limited to no change in the long-term strength characteristics of the hardened concrete. The 
TSMA can provide a slight increase in strength properties over the NMP and maintaining the 
initial aggregate moisture state near to saturated conditions can also benefit workability and 
strength properties.  
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APPENDIX A ADDITIONAL STATISTICAL RESULTS 
 
A1. STAGE I 
The ANOVA results for compressive strength are shown in the report (Table 11). As can 
be seen, the significance (p value) is less than 0.05 at all ages, indicating that the means were 
significantly different. The piecewise Tukey test was performed for all ages, as shown in Table 
A1 (3-day), Table A2 (7-day), Table 12 (28-day, see report), and Table A3 (90-day). Grouping 
based on the Tukey results is shown in Table A4 for all ages. The results indicate that concrete 
with RCA can have similar means to plain (virgin) concrete, although the addition of silica fume 
appears to increase the compressive strength sufficiently enough to be statistically different. 
The Tukey test results for shrinkage can be found in Tables A5-A9 for all ages, and the 
grouping chart was shown previously in Table 18.   
 
Table A1. Tukey’s Test Results for 3-Day Compressive Strength (Stage I) 
i/j 100% RCA 
100% RCA 
+ Fibers 
100% RCA 
+ SF 
100% 
VAC 
50-50 
Blend 
50-50 
Blend + 
SF 
70-30 
Blend 
100 RCA   <.0001 <.0001 0.0127 <.0001 <.0001 0.0009 
100 RCA + 
Fibers <.0001   0.1676 0.0001 0.0707 0.4951 0.0012 
100 RCA + 
SF <.0001 0.1676   0.0103 0.9982 0.9837 0.142 
100% VAC 0.0127 0.0001 0.0103   0.0261 0.0025 0.7512 
50-50 Blend <.0001 0.0707 0.9982 0.0261   0.8456 0.3107 
50-50 Blend 
+ SF <.0001 0.4951 0.9837 0.0025 0.8456   0.0369 
70-30 Blend 0.0009 0.0012 0.1420 0.7512 0.3107 0.0369   
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Table A2. Tukey’s Test Results for 7-Day Compressive Strength (Stage I) 
i/j 100% RCA 
100% RCA 
+ Fibers 
100% RCA 
+ SF 
100% 
VAC 
50-50 
Blend 
50-50 
Blend + 
SF 
70-30 
Blend 
100 RCA   0.7492 0.5301 0.4888 1.0000 0.9798 0.1776 
100 RCA + 
Fibers 0.7492   0.9997 0.0492 0.5948 0.9921 0.0131 
100 RCA + 
SF 0.5301 0.9997   0.0247 0.3843 0.9312 0.0066 
100% VAC 0.4888 0.0492 0.0247   0.6449 0.1559 0.9881 
50-50 Blend 1.0000 0.5948 0.3843 0.6449   0.9238 0.2680 
50-50 Blend 
+ SF 0.9798 0.9921 0.9312 0.1559 0.9238   0.0445 
70-30 Blend 0.1776 0.0131 0.0066 0.9881 0.2680 0.0445   
Table A3. Tukey’s Test Results for 90-Day Compressive Strength (Stage I) 
 
i/j 100% RCA 
100% RCA 
+ Fibers 
100% RCA 
+ SF 
100% 
VAC 
50-50 
Blend 
50-50 
Blend + 
SF 
70-30 
Blend 
100 RCA   0.0246 <.0001 0.3811 0.0177 0.0094 1.0000 
100 RCA + 
Fibers 0.0246   0.0011 0.6468 1.0000 0.9978 0.0172 
100 RCA + 
SF <.0001 0.0011   <.0001 0.0015 0.0028 <.0001 
100% VAC 0.3811 0.6468 <.0001   0.5418 0.3554 0.2910 
50-50 Blend 0.0177 1.0000 0.0015 0.5418   0.9998 0.0123 
50-50 Blend 
+ SF 0.0094 0.9978 0.0028 0.3554 0.9998   0.0065 
70-30 Blend 1.0000 0.0172 <.0001 0.2910 0.0123 0.0065   
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Table A4. Tukey Grouping for Compressive Strength (Stage I) 
3-Day Compressive Strength 7-Day Compressive Strength 
Tukey Grouping* Mean Mix Tukey Grouping* Mean Mix 
  A 1736.7 
100% 
RCA + 
Fibers 
  A   3958.3 
100% 
RCA + 
SF 
  A 1649 
50-50 
Blend + 
SF 
  A   3928.7 
100% 
RCA + 
Fibers 
B A 1613.7 
100% 
RCA + 
SF 
B A   3876.3 
50-50 
Blend + 
SF 
B A 1590.3 50-50 Blend B A C 3813.3 
100% 
RCA 
B C 1486 70-30 Blend B A C 3792.3 
50-50 
Blend 
  C 1418.7 100% VAC B   C 3662.7 
100% 
VAC 
  D 1229 100% RCA     C 3606 
70-30 
Blend 
28-Day Compressive Strength 90-Day Compressive Strength 
Tukey Grouping* Mean Mix Tukey Grouping* Mean Mix 
  A 6099.7 
100% 
RCA + 
SF 
  A 6988 100% RCA + SF 
  B 5495.3 
50-50 
Blend + 
SF 
  B 6516 50-50 Blend + SF 
C B 5212.7 
100% 
RCA + 
Fibers 
  B 6483 50-50 Blend 
C   5010.7 100% RCA   B 6466 
100% RCA + 
Fibers 
C   4994.7 50-50 Blend C B 6309 100% VAC 
C   4960.7 100% VAC C   6107 100% RCA 
C   4898.7 70-30 Blend C   6088.3 70-30 Blend 
*Means with the same letter are not significantly different. 
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Table A5. Tukey’s Test Results for 4-Day Shrinkage (Stage I) 
i/j 100% RCA 
100% 
VAC 
70-30 
Blend 
50-50 
Blend 
50-50 
Blend + 
SF 
100% 
RCA + 
SF 
100% 
RCA + 
Fibers 
100% 
RCA   0.1374 0.9993 0.0655 0.0062 0.2703 0.839 
100% 
VAC 0.1374   0.2703 0.9993 0.6035 0.9993 0.7285 
70-30 
Blend 0.9993 0.2703   0.1374 0.0136 0.4787 0.9716 
50-50 
Blend 0.0655 0.9993 0.1374   0.839 0.9716 0.4787 
50-50 
Blend + 
SF 
0.0062 0.6035 0.0136 0.839   0.3655 0.0655 
100% 
RCA + 
SF 
0.2703 0.9993 0.4787 0.9716 0.3655   0.9219 
100% 
RCA + 
Fibers 
0.839 0.7285 0.9716 0.4787 0.0655 0.9219   
 
Table A6. Tukey’s Test Results for 7-Day Shrinkage (Stage I) 
i/j 100% RCA 
100% 
VAC 
70-30 
Blend 
50-50 
Blend 
50-50 
Blend + 
SF 
100% 
RCA + 
SF 
100% 
RCA + 
Fibers 
100% 
RCA   0.0034 0.0577 0.0098 <.0001  0.0003 <.0001  
100% 
VAC 0.0034   0.7024 0.9962 0.2859 0.8069 0.2138 
70-30 
Blend 0.0577 0.7024   0.9503 0.02 0.1136 0.014 
50-50 
Blend 0.0098 0.9962 0.9503   0.1136 0.4765 0.0813 
50-50 
Blend + 
SF 
<.0001  0.2859 0.02 0.1136   0.9503 1 
100% 
RCA + 
SF 
0.0003 0.8069 0.1136 0.4765 0.9503   0.8918 
100% 
RCA + 
Fibers 
<.0001  0.2138 0.014 0.0813 1 0.8918   
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Table A7. Tukey’s Test Results for 14-Day Shrinkage (Stage I) 
i/j 100% RCA 
100% 
VAC 
70-30 
Blend 
50-50 
Blend 
50-50 
Blend + 
SF 
100% 
RCA + 
SF 
100% 
RCA + 
Fibers 
100% 
RCA   0.0407 0.9987 0.0949 0.0017 <.0001  0.0003 
100% 
VAC 0.0407   0.0949 0.9987 0.5889 0.0228 0.1244 
70-30 
Blend 0.9987 0.0949   0.2082 0.004 0.0001 0.0006 
50-50 
Blend 0.0949 0.9987 0.2082   0.3323 0.0095 0.0542 
50-50 
Blend + 
SF 
0.0017 0.5889 0.004 0.3323   0.41 0.9106 
100% 
RCA + 
SF 
<.0001  0.0228 0.0001 0.0095 0.41   0.9543 
100% 
RCA + 
Fibers 
0.0003 0.1244 0.0006 0.0542 0.9106 0.9543   
 
Table A8. Tukey’s Test Results for 28-Day Shrinkage (Stage I) 
i/j 100% RCA 
100% 
VAC 
70-30 
Blend 
50-50 
Blend 
50-50 
Blend + 
SF 
100% 
RCA + 
SF 
100% 
RCA + 
Fibers 
100% 
RCA   0.9956 0.0657 0.7681 1 0.1491 0.3661 
100% 
VAC 0.9956   0.1809 0.9752 0.9987 0.053 0.1491 
70-30 
Blend 0.0657 0.1809   0.5617 0.081 0.0005 0.0013 
50-50 
Blend 0.7681 0.9752 0.5617   0.8282 0.0115 0.0344 
50-50 
Blend + 
SF 
1 0.9987 0.081 0.8282   0.1222 0.3107 
100% 
RCA + 
SF 
0.1491 0.053 0.0005 0.0115 0.1222   0.9956 
100% 
RCA + 
Fibers 
0.3661 0.1491 0.0013 0.0344 0.3107 0.9956   
 
   
79 
 
Table A9. Tukey’s Test Results for 56-Day Shrinkage (Stage I) 
i/j 100% RCA 
100% 
VAC 
70-30 
Blend 
50-50 
Blend 
50-50 
Blend + 
SF 
100% 
RCA + 
SF 
100% 
RCA + 
Fibers 
100% 
RCA   0.0835 0.0066 0.5608 0.99 0.503 0.7883 
100% 
VAC 0.0835   0.7883 0.837 0.2606 0.0027 0.0066 
70-30 
Blend 0.0066 0.7883   0.1637 0.0238 0.0002 0.0006 
50-50 
Blend 0.5608 0.837 0.1637   0.9154 0.0285 0.0701 
50-50 
Blend + 
SF 
0.99 0.2606 0.0238 0.9154   0.1921 0.3949 
100% 
RCA + 
SF 
0.503 0.0027 0.0002 0.0285 0.1921   0.9984 
100% 
RCA + 
Fibers 
0.7883 0.0066 0.0006 0.0701 0.3949 0.9984   
 
A2. STAGE II 
The ANOVA results for the Stage II compressive strength has been previously reported 
(see Table 21), which revealed that the strengths were statistically different at all ages since the 
p-value was less than 0.05. A pairwise Tukey test was performed at each age, as shown in 
Tables A11 (3 day), A12 (7 day), and A13 (28 day). Note: see Table A10 for the assignments 
per number. Based on the pairwise results, a grouping chart was also created, as shown in 
Table A14 for 3- and 7-day strengths and previously in Table 22 for the 28-day strengths.  
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Table A10. Assignment Chart for Tukey Comparisons in Stage II 
Mixture Number 
100% RCA + 20% Class C FA (Control) 1 
100% RCA + 20% Class C FA + Retarder (high dosage) 2 
100% RCA + 30% Class C FA 3 
100% RCA + 50% Class C FA 4 
100% RCA + 60% Class C FA 5 
100% RCA + 20% Class C FA + Retarder (low dosage) 6 
100% RCA + 20% Class C FA + Retarder + SP 7 
100% RCA + 20% Class F FA 8 
100% RCA + 30% Class C FA + Retarder 9 
100% RCA + 30% Class F FA 10 
100% RCA + 40% Class C FA 11 
100% RCA + 40% Class C FA + Retarder 12 
 
Table A11. Tukey’s Test Results for 3-Day Compressive Strength (Stage II) 
i/j 1 2 3 4 5 6 7 8 9 10 11 12
1  <.0001 0.9930 <.0001 <.0001 <.0001 0.0638 <.0001 <.0001 <.0001 <.0001 <.0001
2 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
3 0.9930 <.0001  <.0001 <.0001 <.0001 0.4334 <.0001 <.0001 <.0001 <.0001 <.0001
4 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 1.0000 <.0001 <.0001
5 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
6 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001 0.0989 0.0124 <.0001 0.0006 0.0060
7 0.0638 <.0001 0.4334 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001
8 <.0001 <.0001 <.0001 <.0001 <.0001 0.0989 <.0001  <.0001 <.0001 0.5444 0.9770
9 <.0001 <.0001 <.0001 <.0001 <.0001 0.0124 <.0001 <.0001  <.0001 <.0001 <.0001
10 <.0001 <.0001 <.0001 1.0000 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001
11 <.0001 <.0001 <.0001 <.0001 <.0001 0.0006 <.0001 0.5444 <.0001 <.0001  0.9970
12 <.0001 <.0001 <.0001 <.0001 <.0001 0.0060 <.0001 0.9770 <.0001 <.0001 0.9970  
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Table A12. Tukey’s Test Results for 7-Day Compressive Strength (Stage II) 
i/j 1 2 3 4 5 6 7 8 9 10 11 12 
1  <.0001 0.0109 <.0001 <.0001 0.0017 0.3706 <.0001 0.9999 <.0001 <.0001 0.9999
2 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
3 0.0109 <.0001  <.0001 <.0001 0.9996 0.8260 <.0001 0.0023 <.0001 <.0001 0.0504
4 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 0.0248 <.0001 <.0001 0.9990 <.0001
5 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 0.0523 <.0001 <.0001 <.0001 <.0001
6 0.0017 <.0001 0.9996 <.0001 <.0001  0.3706 <.0001 0.0004 <.0001 <.0001 0.0087
7 0.3706 <.0001 0.8260 <.0001 <.0001 0.3706  <.0001 0.1185 <.0001 <.0001 0.7775
8 <.0001 <.0001 <.0001 0.0248 0.0523 <.0001 <.0001  <.0001 <.0001 0.0034 <.0001
9 0.9999 <.0001 0.0023 <.0001 <.0001 0.0004 0.1185 <.0001  <.0001 <.0001 0.9646
10 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001
11 <.0001 <.0001 <.0001 0.9990 <.0001 <.0001 <.0001 0.0034 <.0001 <.0001  <.0001
12 0.9999 <.0001 0.0504 <.0001 <.0001 0.0087 0.7775 <.0001 0.9646 <.0001 <.0001  
 
Table A13. Tukey’s Test Results for 28-Day Compressive Strength (Stage II) 
i/j 1 2 3 4 5 6 7 8 9 10 11 12 
1  <.0001 0.1267 <.0001 <.0001 0.8100 0.9893 <.0001 <.0001 <.0001 0.0039 <.0001
2 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.9330 <.0001 <.0001 0.8068
3 0.1267 <.0001  0.0058 <.0001 0.0023 0.6801 <.0001 <.0001 <.0001 0.9081 <.0001
4 <.0001 <.0001 0.0058  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.1716 <.0001
5 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 0.0057 <.0001 <.0001 <.0001 <.0001
6 0.8100 <.0001 0.0023 <.0001 <.0001  0.1940 <.0001 <.0001 <.0001 <.0001 0.0003
7 0.9893 <.0001 0.6801 <.0001 <.0001 0.1940  <.0001 <.0001 <.0001 0.0537 <.0001
8 <.0001 <.0001 <.0001 <.0001 0.0057 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001
9 <.0001 0.9330 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 0.1006
10 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001
11 0.0039 <.0001 0.9081 0.1716 <.0001 <.0001 0.0537 <.0001 <.0001 <.0001  <.0001
12 <.0001 0.8068 <.0001 <.0001 <.0001 0.0003 <.0001 <.0001 0.1006 <.0001 <.0001  
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Table A14. Tukey Grouping for Compressive Strength (Stage II) 
3-Day Strength 7-Day Strength 
Tukey 
Grouping* Mean Mixture Tukey Grouping* Mean Mixture 
   A 4559 
100% RCA + 
20% Class C FA 
+ Retarder (high 
dosage) 
   A    5865 
100% RCA +   20% 
Class C FA + 
Retarder (high 
dosage) 
   B 3870 100% RCA + 20% Class C FA 
(Control) 
   B    4737 100% RCA + 30% Class C FA + 
Retarder 
   B 3811 100% RCA + 30% Class C FA    B    4700 100% RCA +   20% Class C FA (Control) 
   B 3679 100% RCA + 20% Class C FA 
+ Retarder + SP 
C B    4661 100% RCA + 40% Class C FA + 
Retarder 
   C 3271 100% RCA + 30% Class C FA 
+ Retarder 
C B D 4556 
100% RCA + 20% 
Class C FA + 
Retarder + SP 
   D 3040 
100% RCA + 
20% Class C FA 
+ Retarder (low 
dosage) 
C    D 4456 100% RCA +   30% Class C FA 
E D 2860 100% RCA + 20% Class F FA       D 4412 
100% RCA + 20% 
Class C FA + 
Retarder (low 
dosage) 
E    2791 100% RCA + 40% Class C FA 
+ Retarder 
   E    3978 100% RCA + 40% Class C FA 
E    2738 100% RCA + 40% Class C FA    E    3930 100% RCA +   50% Class C FA 
   F 2278 100% RCA +   50% Class C FA    F    3706 100% RCA + 20% Class F FA 
   F 2260 100% RCA + 30% Class F FA    F    3502 100% RCA +   60% Class C FA 
   G 1270 100% RCA + 60% Class C FA    G    2837 100% RCA + 30% Class F FA 
*Means with the same letter are not significantly different. 
 
A3. STAGE III 
The compressive strength was analyzed using an ANOVA test (previously shown in 
Table 26), which demonstrated that the compressive strengths of the mixtures were statistically 
different. The pairwise Tukey analysis was performed for the compressive strength, as shown in 
Tables A16 (3 day), A17 (7 day), and A18 (28 day). Note: see Table A15 for the assignment of 
numbers for the Tukey comparisons. The Tukey groupings are shown in Table A19 for the 3- 
and 7-day compressive strengths and shown previously in Table 27 for the 28-day strengths.  
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Table A15. Assignment Chart for Tukey Comparisons in Stage III for Strength 
Mixture Number
100% RA SSD NMP 1 
100% RA SSD TSMA 2 
100% RCA 85% MC NMP 3 
100% RCA 85% MC TSMA 4 
100% RCA OD NMP 5 
100% RCA OD TSMA 6 
100% VA 80% MC TSMA 7 
100% VA 80%MC NMP 8 
100% VA OD NMP 9 
100% VA OD TSMA 10 
100% VA SSD NMP 11 
100% VA SSD TSMA 12 
 
Table A16. Tukey’s Test Results for 3-Day Compressive Strength (Stage III) 
i/j 1 2 3 4 5 6 7 8 9 10 11 12 
1  0.0558 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.0235 0.0005 <.0001 <.0001
2 0.0558  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 1.0000 0.6924 0.0857 <.0001
3 <.0001 <.0001  0.0004 <.0001 <.0001 <.0001 0.8875 <.0001 0.0001 0.0030 <.0001
4 <.0001 <.0001 0.0004  <.0001 <.0001 0.5452 <.0001 <.0001 <.0001 <.0001 <.0001
5 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
6 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
7 <.0001 <.0001 <.0001 0.5452 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001 0.0166
8 <.0001 <.0001 0.8875 <.0001 <.0001 <.0001 <.0001  0.0001 0.0055 0.1119 <.0001
9 0.0235 1.0000 <.0001 <.0001 <.0001 <.0001 <.0001 0.0001  0.8921 0.1830 <.0001
10 0.0005 0.6924 0.0001 <.0001 <.0001 <.0001 <.0001 0.0055 0.8921  0.9618 <.0001
11 <.0001 0.0857 0.0030 <.0001 <.0001 <.0001 <.0001 0.1119 0.1830 0.9618  <.0001
12 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.0166 <.0001 <.0001 <.0001 <.0001  
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Table A17. Tukey’s Test Results for 7-Day Compressive Strength (Stage III) 
i/j 1 2 3 4 5 6 7 8 9 10 11 12 
1  <.0001 0.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.1016 1.0000 <.0001 <.0001
2 <.0001  0.9898 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 1.0000 <.0001
3 0.0001 0.9898  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.0004 0.9849 <.0001
4 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 0.9919 <.0001 <.0001 <.0001 <.0001
5 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
6 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 0.0013 <.0001 <.0001 <.0001
7 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  0.0006 <.0001 <.0001 <.0001 0.5951
8 <.0001 <.0001 <.0001 0.9919 <.0001 <.0001 0.0006  <.0001 <.0001 <.0001 <.0001
9 0.1016 <.0001 <.0001 <.0001 <.0001 0.0013 <.0001 <.0001  0.0407 <.0001 <.0001
10 1.0000 <.0001 0.0004 <.0001 <.0001 <.0001 <.0001 <.0001 0.0407  <.0001 <.0001
11 <.0001 1.0000 0.9849 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001
12 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.5951 <.0001 <.0001 <.0001 <.0001  
 
Table A18. Tukey’s Test Results for 28-Day Compressive Strength (Stage III) 
i/j 1 2 3 4 5 6 7 8 9 10 11 12 
1  0.4712 0.0070 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
2 0.4712  0.6165 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
3 0.0070 0.6165  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
4 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 0.0003 0.3965 <.0001 0.0131 <.0001
5 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
6 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
7 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001 0.6746
8 <.0001 <.0001 <.0001 0.0003 <.0001 <.0001 <.0001  0.0922 0.3313 0.8957 <.0001
9 <.0001 <.0001 <.0001 0.3965 <.0001 <.0001 <.0001 0.0922  0.0002 0.8420 <.0001
10 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.3313 0.0002  0.0133 <.0001
11 <.0001 <.0001 <.0001 0.0131 <.0001 <.0001 <.0001 0.8957 0.8420 0.0133  <.0001
12 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.6746 <.0001 <.0001 <.0001 <.0001  
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Table A19. Tukey Grouping for Compressive Strength (Stage III) 
3-Day Strength 7-Day Strength 
Tukey Grouping* Mean Mix Tukey Grouping* Mean Mix 
   A 5362 
100% VA 
SSD 
TSMA 
   A 6177 100% VA SSD TSMA 
   B 5136 
100% VA 
80% MC 
TSMA 
   A 6091 
100% VA 
80% MC 
TSMA 
   B 5013 
100% RCA 
85% MC 
TSMA 
   B 5871 100% VA 80%MC NMP
   C 4702 
100% RCA 
85% MC 
NMP 
   B 5828 
100% RCA 
85% MC 
TSMA 
D C 4613 
100% VA 
80%MC 
NMP 
   C 5426 100% VA SSD NMP 
D E 4436 100% VA SSD NMP    C 5424 
100% RA 
SSD TSMA 
   E 4361 100% VA OD TSMA    C 5379 
100% RCA 
85% MC 
NMP 
   E 4273 100% VA OD NMP    D 5153 
100% VA OD 
TSMA 
F E 4251 
100% RA 
SSD 
TSMA 
E D 5135 100% RA SSD NMP 
F    4055 100% RA SSD NMP E    5005 
100% VA OD 
NMP 
   G 3669 100% RCA OD TSMA    F 4800 
100% RCA 
OD TSMA 
   H 3249 100% RCA OD NMP    G 4448 
100% RCA 
OD NMP 
*Means with the same letter are not significantly different. 
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Table A20. Tukey’s Test Results for 28-Day Split Tensile Strength (Stage III) 
i/j  1 2 3 4 5 6 7 8 9 10 11 12 
1   0.0007 0.997 <.0001  0.997 0.0009 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 
2 0.0007   0.0002 <.0001  0.0002 1 <.0001 <.0001 <.0001 <.0001  0.8584 <.0001 
3 0.997 0.0002   <.0001  1 0.0002 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 
4 <.0001  <.0001  <.0001    <.0001 <.0001 0.0007 1 0.0445 0.0002 0.0002 0.0142 
5 0.997 0.0002 1 <.0001    0.0002 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 
6 0.0009 1 0.0002 <.0001  0.0002   <.0001 <.0001 <.0001 <.0001  0.7617 <.0001 
7 <.0001  <.0001  <.0001  0.0007 <.0001 <.0001   0.0005 0.3876 0.9949 <.0001 0.7599 
8 <.0001  <.0001  <.0001  1 <.0001 <.0001 0.0005   0.0294 0.0001 0.0002 0.0094 
9 <.0001  <.0001  <.0001  0.0445 <.0001 <.0001 0.3876 0.0294   0.0906 <.0001 0.9998 
10 <.0001  <.0001  <.0001  0.0002 <.0001 <.0001 0.9949 0.0001 0.0906   <.0001 0.2565 
11 <.0001  0.8584 <.0001  0.0002 <.0001 0.7617 <.0001 0.0002 <.0001 <.0001    <.0001 
12 <.0001  <.0001  <.0001  0.0142 <.0001 <.0001 0.7599 0.0094 0.9998 0.2565 <.0001   
 
Table A21. Tukey’s Test Results for 28-Day Flexural Strength (Stage III) 
i/j 1 2 3 4 5 6 7 8 9 10 11 12 
1  1 0.02 0.091 0.999 1 3E-04 0.345 0.634 0.389 1 0.322 
2 1  0.069 0.258 0.946 1 0.001 0.68 0.917 0.729 1 0.651 
3 0.02 0.069  1 0.003 0.0318 0.805 0.943 0.734 0.92 0.022 0.954 
4 0.091 0.258 1  0.014 0.1359 0.389 1 0.981 0.999 0.097 1 
5 0.999 0.946 0.003 0.014 0.9933 <.0001 0.07 0.182 0.083 0.999 0.064 
6 1 1 0.032 0.136 0.993 5E-04 0.458 0.755 0.508 1 0.431 
7 3E-04 0.001 0.805 0.389 <.0001 0.0005 0.108 0.039 0.091 3E-04 0.118 
8 0.345 0.68 0.943 1 0.07 0.4575 0.108 1 1 0.359 1 
9 0.634 0.917 0.734 0.981 0.182 0.7553 0.039 1 1 0.651 1 
10 0.389 0.729 0.92 0.999 0.083 0.5076 0.091 1 1  0.404 1 
11 1 1 0.022 0.097 0.999 1 3E-04 0.359 0.651 0.404  0.335 
12 0.322 0.651 0.954 1 0.064 0.4306 0.118 1 1 1 0.335 
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Table A22. Assignment Chart for Tukey Comparisons in Stage III for Shrinkage 
4, 7, 14, 28, 56, and 90 Days 112 Days 
Mixture Number Mixture Number 
M1 100% VA OD 
NMP  1 
M1 100% VA 
OD NMP  1 
M10 100% RA 
85%MC NMP  2 
M10 100% RA 
85%MC NMP  2 
M11 100% RA OD 
TSMA  3 
M2 100% VA 
OD TSMA  3 
M12 100% RA OD 
NMP  4 
M3 100% VA 
SSD TSMA  4 
M2 100% VA OD 
TSMA  5 
M4 100% VA 
SSD NMP  5 
M3 100% VA SSD 
TSMA  6 
M5 VA 80MC 
TSMA  6 
M4 100% VA SSD 
NMP  7 
M6 VA 80MC 
NMP  7 
M5 VA 80MC 
TSMA  8 
M7 100% RA 
SSD TSMA  8 
M6 VA 80MC 
NMP  9 
M8 100% RA 
SSD NMP  9 
M7 100% RA SSD 
TSMA  10 
M9 100% RA 
85%MC TSMA  10 
M8 100% RA SSD 
NMP  11 
M9 100% RA 
85%MC TSMA  12 
 
Table A23. Tukey’s Test Results for 4-Day Shrinkage (Stage III) 
1 2 3 4 5 6 7 8 9 10 11 12 
1   0.424 0.001 0.003 0.611 0.001 <.0001 1E-04 <.0001 0.611 1 0.791 
2 0.424   <.0001  <.0001  0.006 0.268 6E-04 0.046 0.003 1 0.791 1 
3 0.001 <.0001    1 0.157 <.0001 <.0001 <.0001 <.0001 <.0001  3E-04 <.0001 
4 0.003 <.0001  1   0.268 <.0001 <.0001 <.0001 <.0001 <.0001  6E-04 <.0001 
5 0.611 0.006 0.157 0.268   <.0001 <.0001 <.0001 <.0001 0.012 0.268 0.023 
6 0.001 0.268 <.0001  <.0001  <.0001   0.268 0.998 0.611 0.157 0.006 0.087 
7 <.0001  6E-04 <.0001  <.0001  <.0001 0.268   0.791 1 3E-04 <.0001  1E-04 
8 1E-04 0.046 <.0001  <.0001  <.0001 0.998 0.791   0.982 0.023 6E-04 0.012 
9 <.0001  0.003 <.0001  <.0001  <.0001 0.611 1 0.982   0.001 <.0001  6E-04 
10 0.611 1 <.0001  <.0001  0.012 0.157 3E-04 0.023 0.001   0.921 1 
11 1 0.791 3E-04 6E-04 0.268 0.006 <.0001 6E-04 <.0001 0.921   0.982 
12 0.791 1 <.0001  <.0001  0.023 0.087 1E-04 0.012 6E-04 1 0.982   
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Table A24. Tukey’s Test Results for 7-Day Shrinkage (Stage III) 
1 2 3 4 5 6 7 8 9 10 11 12 
1 1 0.006 0.02 0.297 0.037 2E-04 0.037 0.02 1 1 1 
2 1 0.006 0.02 0.297 0.037 2E-04 0.037 0.02 1 1 1 
3 0.006 0.006 1 0.765 <.0001 <.0001 <.0001 <.0001 0.011 0.006 0.02 
4 0.02 0.02 1 0.965 <.0001 <.0001 <.0001 <.0001 0.037 0.02 0.066 
5 0.297 0.297 0.765 0.965 <.0001 <.0001 <.0001 <.0001 0.439 0.297 0.604 
6 0.037 0.037 <.0001 <.0001 <.0001 0.604 1 1 0.02 0.037 0.011 
7 2E-04 
2E-
04 <.0001 <.0001 <.0001 0.604  0.604 0.765 
1E-
04 
2E-
04 <.0001 
8 0.037 0.037 <.0001 <.0001 <.0001 1 0.604 1 0.02 0.037 0.011 
9 0.02 0.02 <.0001 <.0001 <.0001 1 0.765 1 0.011 0.02 0.006 
10 1 1 0.011 0.037 0.439 0.02 1E-04 0.02 0.011 1 1 
11 1 1 0.006 0.02 0.297 0.037 2E-04 0.037 0.02 1 1 
12 1 1 0.02 0.066 0.604 0.011 <.0001 0.011 0.006 1 1 
 
Table A25. Tukey’s Test Results for 14-Day Shrinkage (Stage III) 
1 2 3 4 5 6 7 8 9 10 11 12 
1   1 0.611 1 1 0.194 1E-04 0.022 0.012 1 0.994 0.994 
2 1   0.967 1 1 0.039 <.0001 0.003 0.002 0.994 0.771 1 
3 0.611 0.967   0.967 0.967 0.002 <.0001 1E-04 <.0001 0.447 0.118 0.994 
4 1 1 0.967   1 0.039 <.0001 0.003 0.002 0.994 0.771 1 
5 1 1 0.967 1   0.039 <.0001 0.003 0.002 0.994 0.771 1 
6 0.194 0.039 0.002 0.039 0.039   0.118 0.994 0.967 0.304 0.771 0.022 
7 1E-04 <.0001  <.0001  <.0001 <.0001 0.118   0.611 0.771 
3E-
04 0.002 <.0001 
8 0.022 0.003 1E-04 0.003 0.003 0.994 0.611   1 0.039 0.194 0.002 
9 0.012 0.002 <.0001  0.002 0.002 0.967 0.771 1   0.022 0.118 9E-04 
10 1 0.994 0.447 0.994 0.994 0.304 3E-04 0.039 0.022   1 0.967 
11 0.994 0.771 0.118 0.771 0.771 0.771 0.002 0.194 0.118 1   0.611 
12 0.994 1 0.994 1 1 0.022 <.0001 0.002 9E-04 0.967 0.611   
 
Table A26. Tukey’s Test Results for 28-Day Shrinkage (Stage III) 
1 2 3 4 5 6 7 8 9 10 11 12 
1   0.013 0.348 0.101 0.626 3E-04 <.0001 0.348 0.24 0.879 0.348 0.626 
2 0.013   0.879 0.998 <.0001 0.879 0.158 0.879 0.952 0.348 0.879 0.626 
3 0.348 0.879   1 0.004 0.101 0.004 1 1 0.998 1 1 
4 0.101 0.998 1   8E-04 0.348 0.022 1 1 0.879 1 0.987 
5 0.626 <.0001  0.004 8E-04   <.0001 <.0001 0.004 0.003 0.038 0.004 0.013 
6 3E-04 0.879 0.101 0.348 <.0001   0.952 0.101 0.158 0.013 0.101 0.038 
7 <.0001  0.158 0.004 0.022 <.0001 0.952   0.004 0.008 5E-04 0.004 0.001 
8 0.348 0.879 1 1 0.004 0.101 0.004   1 0.998 1 1 
9 0.24 0.952 1 1 0.003 0.158 0.008 1   0.987 1 1 
10 0.879 0.348 0.998 0.879 0.038 0.013 5E-04 0.998 0.987   0.998 1 
11 0.348 0.879 1 1 0.004 0.101 0.004 1 1 0.998   1 
12 0.626 0.626 1 0.987 0.013 0.038 0.001 1 1 1 1   
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Table A27. Tukey’s Test Results for 56-Day Shrinkage (Stage III) 
1 2 3 4 5 6 7 8 9 10 11 12 
1   0.018 0.001 <.0001 0.884 0.018 <.0001 0.999 0.884 0.034 2E-04 0.884 
2 0.018   0.993 0.061 4E-04 1 0.422 0.106 0.422 1 0.752 0.422 
3 0.001 0.993   0.422 <.0001 0.993 0.962 0.01 0.061 0.962 0.999 0.061 
4 <.0001  0.061 0.422   <.0001 0.061 0.993 <.0001 2E-04 0.034 0.884 
2E-
04 
5 0.884 4E-04 <.0001  <.0001   
4E-
04 <.0001 0.422 0.106 
7E-
04 <.0001  0.106 
6 0.018 1 0.993 0.061 4E-04   0.422 0.106 0.422 1 0.752 0.422 
7 <.0001  0.422 0.962 0.993 <.0001 0.422   4E-04 0.003 0.282 1 0.003 
8 0.999 0.106 0.01 <.0001 0.422 0.106 4E-04   0.999 0.177 0.001 0.999 
9 0.884 0.422 0.061 2E-04 0.106 0.422 0.003 0.999   0.587 0.01 1 
10 0.034 1 0.962 0.034 7E-04 1 0.282 0.177 0.587   0.587 0.587 
11 2E-04 0.752 0.999 0.884 <.0001 0.752 1 0.001 0.01 0.587   0.01 
12 0.884 0.422 0.061 2E-04 0.106 0.422 0.003 0.999 1 0.587 0.01   
 
Table A28. Tukey’s Test Results for 90-Day Shrinkage (Stage III) 
1 2 3 4 5 6 7 8 9 10 11 12 
1   <.0001  <.0001  <.0001  0.267 <.0001 <.0001 0.03 <.0001 <.0001  <.0001  <.0001 
2 <.0001    1 <.0001  <.0001 1 0.002 <.0001 2E-04 0.876 0.876 0.002 
3 <.0001  1   2E-04 <.0001 0.992 0.009 <.0001 <.0001 0.57 0.992 6E-04 
4 <.0001  <.0001  2E-04   <.0001 <.0001 0.876 <.0001 <.0001 <.0001  0.002 <.0001 
5 0.267 <.0001  <.0001  <.0001    <.0001 <.0001 <.0001 <.0001 <.0001  <.0001  <.0001 
6 <.0001  1 0.992 <.0001  <.0001   6E-04 <.0001 6E-04 0.992 0.57 0.009 
7 <.0001  0.002 0.009 0.876 <.0001 6E-04   <.0001 <.0001 <.0001  0.097 <.0001 
8 0.03 <.0001  <.0001  <.0001  <.0001 <.0001 <.0001   0.097 <.0001  <.0001  0.009 
9 <.0001  2E-04 <.0001  <.0001  <.0001 6E-04 <.0001 0.097   0.009 <.0001  0.992 
10 <.0001  0.876 0.57 <.0001  <.0001 0.992 <.0001 <.0001 0.009   0.097 0.097 
11 <.0001  0.876 0.992 0.002 <.0001 0.57 0.097 <.0001 <.0001 0.097   <.0001 
12 <.0001  0.002 6E-04 <.0001  <.0001 0.009 <.0001 0.009 0.992 0.097 <.0001    
 
Table A29. Tukey’s Test Results for 112-Day Shrinkage (Stage III) 
1 2 3 4 5 6 7 8 9 10 
1   <.0001  0.147 <.0001 <.0001 0.691 0.034 <.0001 <.0001  0.003 
2 <.0001    <.0001  0.881 0.466 <.0001 6E-04 0.977 0.977 0.007 
3 0.147 <.0001    <.0001 <.0001 0.003 <.0001 <.0001 <.0001  <.0001  
4 <.0001  0.881 <.0001    0.034 3E-04 0.016 1 0.275 0.147 
5 <.0001  0.466 <.0001  0.034   <.0001 <.0001 0.073 0.977 <.0001  
6 0.691 <.0001  0.003 3E-04 <.0001   0.691 1E-04 <.0001  0.147 
7 0.034 6E-04 <.0001  0.016 <.0001 0.691   0.007 <.0001  0.977 
8 <.0001  0.977 <.0001  1 0.073 1E-04 0.007   0.466 0.073 
9 <.0001  0.977 <.0001  0.275 0.977 <.0001 <.0001 0.466   6E-04 
10 0.003 0.007 <.0001  0.147 <.0001 0.147 0.977 0.073 6E-04   
 
A4. STAGE IV 
The ANOVA analyses for strength were previously shown in Table 37 (compressive), 
Table 39 (split tension), and Table 41 (flexural). The Tukey comparisons for strength are shown 
in Tables A31-A33 (compressive), Table A35 (split tension), and Table A36 (flexural) using the 
assignment chart in Table A30. The Tukey groupings not previously shown in the report are 
shown in Table A34 for compressive strength. For drying shrinkage, the ANOVA results were 
shown previously (Table 43), and the Tukey comparisons are shown in Tables A38-A42 using 
the assignment chart shown in Table A37. The Tukey groupings now previously shown in the 
report are shown in Tables A43-A44. 
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Table A30. Assignment Chart for Tukey Comparisons of Strength in Stage IV 
Mixture Number 
100% RCA + 20%FA+ 30% RFA 1 
100% RCA +20%FA+ 50% RFA 2 
100% RCA +30%SLAG+ 30FA+30% RFA 3 
100% RCA +30%SLAG+ 30FA+50% RFA 4 
100% RCA +35%FA+ 30% RFA 5 
100% RCA +35%SLAG+ 30% RFA 6 
100% RCA +50%FA + V. Sand 7 
100% RCA +50%FA+ 20% RFA 8 
100% RCA +50%FA+ 50% RFA 9 
100% RCA +60%FA+ 20% RFA 10 
100% RCA 85% MC TSMA 11 
100% VA 80%MC TSMA 12 
 
Table A31. Tukey’s Test Results for 3-Day Compressive Strength (Stage IV) 
i/j 1 2 3 4 5 6 7 8 9 10 11 12 
1  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
2 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
3 <.0001 <.0001  0.9679 <.0001 <.0001 <.0001 <.0001 <.0001 0.5036 <.0001 <.0001
4 <.0001 <.0001 0.9679  <.0001 <.0001 <.0001 <.0001 <.0001 0.0487 <.0001 <.0001
5 <.0001 <.0001 <.0001 <.0001  0.2149 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
6 <.0001 <.0001 <.0001 <.0001 0.2149  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
7 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001 1.0000 <.0001 <.0001 <.0001
8 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001
9 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 1.0000 <.0001  <.0001 <.0001 <.0001
10 <.0001 <.0001 0.5036 0.0487 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001
11 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  0.1447
12 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.1447  
 
 
 
 
 
 
 
 
 
91 
 
Table A32. Tukey’s Test Results for 7-Day Compressive Strength (Stage IV) 
i/j 1 2 3 4 5 6 7 8 9 10 11 12 
1  0.0044 <.0001 <.0001 0.0892 0.0237 <.0001 0.0004 <.0001 <.0001 <.0001 <.0001
2 0.0044  <.0001 <.0001 <.0001 0.9998 <.0001 <.0001 <.0001 <.0001 0.0002 <.0001
3 <.0001 <.0001  1.0000 <.0001 <.0001 0.2588 0.0025 0.6379 0.0592 <.0001 <.0001
4 <.0001 <.0001 1.0000  <.0001 <.0001 0.1571 0.0012 0.4621 0.1059 <.0001 <.0001
5 0.0892 <.0001 <.0001 <.0001  <.0001 0.0061 0.4576 0.0012 <.0001 <.0001 <.0001
6 0.0237 0.9998 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
7 <.0001 <.0001 0.2588 0.1571 0.0061 <.0001  0.5958 0.9999 <.0001 <.0001 <.0001
8 0.0004 <.0001 0.0025 0.0012 0.4576 <.0001 0.5958  0.2312 <.0001 <.0001 <.0001
9 <.0001 <.0001 0.6379 0.4621 0.0012 <.0001 0.9999 0.2312  0.0005 <.0001 <.0001
10 <.0001 <.0001 0.0592 0.1059 <.0001 <.0001 <.0001 <.0001 0.0005  <.0001 <.0001
11 <.0001 0.0002 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  0.1888
12 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.1888  
 
Table A33. Tukey’s Test Results for 28-Day Compressive Strength (Stage IV) 
i/j 1 2 3 4 5 6 7 8 9 10 11 12 
1  <.0001 0.5541 0.3444 0.4879 <.0001 1.0000 0.9504 0.0003 0.0077 <.0001 <.0001
2 <.0001  <.0001 0.0003 <.0001 0.8757 <.0001 <.0001 <.0001 <.0001 0.4286 <.0001
3 0.5541 <.0001  0.0032 1.0000 <.0001 0.2450 0.0479 0.0589 0.5586 <.0001 <.0001
4 0.3444 0.0003 0.0032  0.0025 <.0001 0.6875 0.9869 <.0001 <.0001 <.0001 <.0001
5 0.4879 <.0001 1.0000 0.0025  <.0001 0.2038 0.0380 0.0737 0.6258 <.0001 <.0001
6 <.0001 0.8757 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001 0.9996 <.0001
7 1.0000 <.0001 0.2450 0.6875 0.2038 <.0001  0.9992 <.0001 0.0020 <.0001 <.0001
8 0.9504 <.0001 0.0479 0.9869 0.0380 <.0001 0.9992  <.0001 0.0003 <.0001 <.0001
9 0.0003 <.0001 0.0589 <.0001 0.0737 <.0001 <.0001 <.0001  0.9680 <.0001 <.0001
10 0.0077 <.0001 0.5586 <.0001 0.6258 <.0001 0.0020 0.0003 0.9680  <.0001 <.0001
11 <.0001 0.4286 <.0001 <.0001 <.0001 0.9996 <.0001 <.0001 <.0001 <.0001  <.0001
12 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  
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Table A34. Tukey Grouping for Compressive Strength (Stage IV) 
3-Day Strength 7-Day Strength 
Tukey 
Grouping* Mean Mix 
Tukey 
Grouping* Mean Mix 
 A 5136 
100% VA 80%MC 
TSMA  A 6091 
100% VA 
80%MC TSMA 
 A 5013 
100% RCA 85% 
MC TSMA  A 5828 
100% RCA 85% 
MC TSMA 
 B 4623 
100% RCA 
+20%FA+ 50% 
RFA  
B 5297 
100% RCA 
+20%FA+ 50% 
RFA 
 C 4027 
100% RCA + 
20%FA+ 30% 
RFA  
B 5233 
100% RCA 
+35%SLAG+ 
30% RFA 
 D 3473 
100% RCA 
+35%FA+ 30% 
RFA  
C 4880 
100% RCA + 
20%FA+ 30% 
RFA 
 D 3359 
100% RCA 
+35%SLAG+ 30% 
RFA 
D C 4581 
100% RCA 
+35%FA+ 30% 
RFA 
 E 2920 
100% RCA 
+50%FA+ 20% 
RFA 
D E 4369 
100% RCA 
+50%FA+ 20% 
RFA 
 F 2643 
100% RCA 
+50%FA + V. 
Sand 
F E 4176 
100% RCA 
+50%FA + V. 
Sand 
 F 2640 
100% RCA 
+50%FA+ 50% 
RFA 
F E 4116 
100% RCA 
+50%FA+ 50% 
RFA 
 G 2052 
100% RCA 
+60%FA+ 20% 
RFA 
F G 3929 
100% RCA 
+30%SLAG+ 
30FA+30% RF 
H G 1961 
100% RCA 
+30%SLAG+ 
30FA+30% RFA 
F G 3904 
100% RCA 
+30%SLAG+ 
30FA+50% RFA 
H  1908 
100% RCA 
+30%SLAG+ 
30FA+50% RFA  
G 3613 
100% RCA 
+60%FA+ 20% 
RFA 
*Means with the same letter are not significantly different. 
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Table A35. Tukey’s Test Results for 28-Day Split Tensile Strength (Stage IV) 
i/j 1 2 3 4 5 6 7 8 9 10 11 12 
1  0.733 0.168 0.145 0.23 1 0.006 8E-04 <.0001 <.0001 0.862 0.025 
2 0.733  0.991 0.985 0.998 0.985 0.299 0.035 2E-04 0.001 0.085 5E-04 
3 0.168 0.991  1 1 0.513 0.898 0.232 0.002 0.014 0.011 <.0001 
4 0.145 0.985 1  1 0.464 0.925 0.261 0.002 0.017 0.009 <.0001 
5 0.23 0.998 1 1 0.624 0.821 0.176 0.001 0.009 0.015 <.0001 
6 1 0.985 0.513 0.464 0.624 0.032 0.003 <.0001 <.0001 0.485 0.006 
7 0.006 0.299 0.898 0.925 0.821 0.032 0.944 0.06 0.299 5E-04 <.0001 
8 8E-04 0.035 0.232 0.261 0.176 0.003 0.944 0.818 0.997 <.0001 <.0001 
9 <.0001 2E-04 0.002 0.002 0.001 <.0001 0.06 0.818 0.999 <.0001 <.0001 
10 <.0001 0.001 0.014 0.017 0.009 <.0001 0.299 0.997 0.999  <.0001 <.0001 
11 0.862 0.085 0.011 0.009 0.015 0.485 5E-04 <.0001 <.0001 <.0001  0.618 
12 0.025 5E-04 <.0001 <.0001 <.0001 0.006 <.0001 <.0001 <.0001 <.0001 0.618 
 
Table A36. Tukey’s Test Results for 28-Day Flexural Strength (Stage IV) 
i/j 1 2 3 4 5 6 7 8 9 10 11 12 
1  0.108 0.01 0.019 4E-04 <.0001 1 <.0001 <.0001 <.0001 <.0001 <.0001 
2 0.108  0.993 0.999 <.0001 0.059 0.264 <.0001 <.0001 <.0001 <.0001 <.0001 
3 0.01 0.993  1 <.0001 0.41 0.032 <.0001 <.0001 <.0001 <.0001 <.0001 
4 0.019 0.999 1  <.0001 0.273 0.056 <.0001 <.0001 <.0001 <.0001 <.0001 
5 4E-04 <.0001 <.0001 <.0001 <.0001 1E-04 0.993 0.152 0.013 <.0001 <.0001 
6 <.0001 0.059 0.41 0.273 <.0001 <.0001 <.0001 <.0001 <.0001 3E-04 <.0001 
7 1 0.264 0.032 0.056 1E-04 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
8 <.0001 <.0001 <.0001 <.0001 0.993 <.0001 <.0001 0.697 0.128 <.0001 <.0001 
9 <.0001 <.0001 <.0001 <.0001 0.152 <.0001 <.0001 0.697 0.987 <.0001 <.0001 
10 <.0001 <.0001 <.0001 <.0001 0.013 <.0001 <.0001 0.128 0.987  <.0001 <.0001 
11 <.0001 <.0001 <.0001 <.0001 <.0001 3E-04 <.0001 <.0001 <.0001 <.0001  1E-04 
12 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 1E-04 
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Table A37. Assignment Chart for Tukey Comparisons of Shrinkage in Stage IV 
Mixture Number 
100% RA 85%MC TSMA  1 
100% RCA + 20%FA+ 30% RFA  2 
100% RCA +20%FA+ 50% RFA  3 
100% RCA +30%SLAG+ 
30FA+30% RFA 4 
100% RCA +30%SLAG+ 
30FA+50% RFA  5 
100% RCA +35%FA+ 30% RFA  6 
100% RCA +35%SLAG+ 30% RFA 7 
100% RCA +50%FA + V. Sand  8 
100% RCA +50%FA+ 20% RFA  9 
100% RCA +50%FA+ 50% RFA  10 
100% RCA +60%FA+ 20% RFA  11 
VA 80MC TSMA  12 
 
Table A38. Tukey’s Test Results for 4-Day Drying Shrinkage (Stage IV) 
i/j 1 2 3 4 5 6 7 8 9 10 11 12 
1 0.904 0.543 1 1 1 0.963 1 0.089 0.682 0.99 0.137 
2 0.904 1 0.99 0.999 0.999 0.205 0.976 0.808 1 1 0.904 
3 0.543 1 0.808 0.904 0.904 0.057 0.832 0.99 1 0.99 0.999 
4 1 0.99 0.808 1 1 0.808 1 0.205 0.904 1 0.296 
5 1 0.999 0.904 1 1 0.682 1 0.296 0.963 1 0.411 
6 1 0.999 0.904 1 1 0.682 1 0.296 0.963 1 0.411 
7 0.963 0.205 0.057 0.808 0.682 0.682 1 0.005 0.089 0.411 0.008 
8 1 0.976 0.832 1 1 1 1 0.372 0.899 0.998 0.461 
9 0.089 0.808 0.99 0.205 0.296 0.296 0.005 0.372 0.963 0.543 1 
10 0.682 1 1 0.904 0.963 0.963 0.089 0.899 0.963 0.999 0.99 
11 0.99 1 0.99 1 1 1 0.411 0.998 0.543 0.999 0.682 
12 0.137 0.904 0.999 0.296 0.411 0.411 0.008 0.461 1 0.99 0.682 
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Table A39. Tukey’s Test Results for 7-Day Drying Shrinkage (Stage IV) 
i/j  1 2 3 4 5 6 7 8 9 10 11 12 
1   0.957 0.891 0.004 0.006 0.891 0.957 0.938 0.182 1 0.048 0.048 
2 0.957   1 0.076 0.119 1 1 1 0.891 1 0.511 0.511 
3 0.891 1   0.119 0.182 1 1 1 0.957 0.998 0.653 0.653 
4 0.004 0.076 0.119   1 0.119 0.076 0.724 0.786 0.018 0.988 0.988 
5 0.006 0.119 0.182 1   0.182 0.119 0.812 0.891 0.029 0.998 0.998 
6 0.891 1 1 0.119 0.182   1 1 0.957 0.998 0.653 0.653 
7 0.957 1 1 0.076 0.119 1   1 0.891 1 0.511 0.511 
8 0.938 1 1 0.724 0.812 1 1   1 0.997 0.989 0.989 
9 0.182 0.891 0.957 0.786 0.891 0.957 0.891 1   0.511 1 1 
10 1 1 0.998 0.018 0.029 0.998 1 0.997 0.511   0.182 0.182 
11 0.048 0.511 0.653 0.988 0.998 0.653 0.511 0.989 1 0.182   1 
12 0.048 0.511 0.653 0.988 0.998 0.653 0.511 0.989 1 0.182 1   
 
Table 40. Tukey’s Test Results for 14-Day Drying Shrinkage (Stage IV) 
i/j  1 2 3 4 5 6 7 8 9 10 11 12 
1   0.031 0.017 <.0001  <.0001 0.395 0.031 1 0.999 1 0.017 0.001 
2 0.031   1 0.001 <.0001 0.955 1 0.367 0.162 0.031 1 0.955 
3 0.017 1   0.003 <.0001 0.868 1 0.272 0.096 0.017 1 0.991 
4 <.0001  0.001 0.003   0.728 <.0001 0.001 1E-04 <.0001  <.0001  0.003 0.031 
5 <.0001  <.0001  <.0001  0.728   <.0001 <.0001 <.0001 <.0001  <.0001  <.0001 0.000 
6 0.395 0.955 0.868 <.0001  <.0001   0.955 0.905 0.868 0.395 0.868 0.260 
7 0.031 1 1 0.001 <.0001 0.955   0.367 0.162 0.031 1 0.955 
8 1 0.367 0.272 1E-04 <.0001 0.905 0.367   1 1 0.272 0.064 
9 0.999 0.162 0.096 <.0001  <.0001 0.868 0.162 1   0.999 0.096 0.009 
10 1 0.031 0.017 <.0001  <.0001 0.395 0.031 1 0.999   0.017 0.001 
11 0.017 1 1 0.003 <.0001 0.868 1 0.272 0.096 0.017   0.991 
12 0.001 0.955 0.991 0.031 4E-04 0.26 0.955 0.064 0.009 0.001 0.991   
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Table 41. Tukey’s Test Results for 28-Day Drying Shrinkage (Stage IV) 
i/j  1 2 3 4 5 6 7 8 9 10 11 12 
1   <.0001  <.0001  <.0001  <.0001 <.0001 0.999 3E-04 4E-04 <.0001  <.0001  0.868 
2 <.0001    0.395 0.395 0.003 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001  <.0001 
3 <.0001  0.395   0.003 <.0001 4E-04 <.0001 <.0001 <.0001 <.0001  <.0001  <.0001 
4 <.0001  0.395 0.003   0.395 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001  <.0001 
5 <.0001  0.003 <.0001  0.395   <.0001 <.0001 <.0001 <.0001 <.0001  <.0001  <.0001 
6 <.0001  <.0001  4E-04 <.0001  <.0001   <.0001 <.0001 <.0001 <.0001  0.017 <.0001 
7 0.999 <.0001  <.0001  <.0001  <.0001 <.0001   0.001 0.003 <.0001  <.0001  0.395 
8 3E-04 <.0001  <.0001  <.0001  <.0001 <.0001 0.001   0.823 1 <.0001  <.0001 
9 4E-04 <.0001  <.0001  <.0001  <.0001 <.0001 0.003 0.823   0.395 <.0001  <.0001 
10 <.0001  <.0001  <.0001  <.0001  <.0001 <.0001 <.0001 1 0.395   <.0001  <.0001 
11 <.0001  <.0001  <.0001  <.0001  <.0001 0.017 <.0001 <.0001 <.0001 <.0001    0.003 
12 0.868 <.0001  <.0001  <.0001  <.0001 <.0001 0.395 <.0001 <.0001 <.0001  0.003   
 
Table 42. Tukey’s Test Results for 56-Day Drying Shrinkage (Stage IV) 
i/j  1 2 3 4 5 6 7 8 9 10 11 12 
1   <.0001  <.0001  <.0001  <.0001 <.0001 <.0001 0.092 0.133 <.0001  <.0001  0.133 
2 <.0001    0.133 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001  <.0001 
3 <.0001  0.133   <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001  <.0001 
4 <.0001  <.0001  <.0001    0.015 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001  <.0001 
5 <.0001  <.0001  <.0001  0.015   <.0001 <.0001 <.0001 <.0001 <.0001  <.0001  <.0001 
6 <.0001  <.0001  <.0001  <.0001  <.0001   <.0001 <.0001 <.0001 <.0001  1 <.0001 
7 <.0001  <.0001  <.0001  <.0001  <.0001 <.0001   <.0001 <.0001 <.0001  <.0001  <.0001 
8 0.092 <.0001  <.0001  <.0001  <.0001 <.0001 <.0001   0.991 0.092 <.0001  0.991 
9 0.133 <.0001  <.0001  <.0001  <.0001 <.0001 <.0001 0.991   1E-04 <.0001  1 
10 <.0001  <.0001  <.0001  <.0001  <.0001 <.0001 <.0001 0.092 1E-04   <.0001  1E-04 
11 <.0001  <.0001  <.0001  <.0001  <.0001 1 <.0001 <.0001 <.0001 <.0001    <.0001 
12 0.133 <.0001  <.0001  <.0001  <.0001 <.0001 <.0001 0.991 1 1E-04 <.0001    
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Table A43. Tukey Grouping for 7-Day Shrinkage (Stage IV) 
Tukey Grouping* Mean Mix 
 A  -240 
100% RA 85%MC 
TSMA  
B A  -250 
100% RCA 
+50%FA+ 50% RFA  
B A C -260 
100% RCA 
+35%SLAG+ 30% 
RFA  
B A C -260 100% RCA + 20%FA+ 30% RFA  
B A C -263 100% RCA +20%FA+ 50% RFA  
B A C -263 100% RCA +35%FA+ 30% RFA  
B A C -270 100% RCA +50%FA + V. Sand  
B A C -283 100% RCA +50%FA+ 20% RFA  
B A C -293 100% RCA +60%FA+ 20% RFA  
B A C -293 VA 80MC TSMA  
B  C -307 
100% RCA 
+30%SLAG+ 
30FA+50% RFA  
  C -310 
100% RCA 
+30%SLAG+ 
30FA+30% RFA  
*Means with the same letter are not significantly different. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
98 
 
Table A44. Tukey Grouping for 28-Day Shrinkage (Stage IV) 
Tukey Grouping* Mean Mix 
 A -420 
100% RCA 
+50%FA+ 50% RFA 
 A -420 
100% RCA +50%FA 
+ V. Sand  
 A -430 
100% RCA 
+50%FA+ 20% RFA 
 B -450 
100% RCA 
+35%SLAG+ 30% 
RFA  
 B -453 
100% RA 85%MC 
TSMA  
B -460 VA 80MC TSMA  
 C -480 
100% RCA 
+60%FA+ 20% RFA 
 D -497 
100% RCA 
+35%FA+ 30% RFA 
 E -520 
100% RCA 
+20%FA+ 50% RFA 
F E -530 100% RCA + 20%FA+ 30% RFA  
F G -540 
100% RCA 
+30%SLAG+ 
30FA+30% RFA 
 G -550 
100% RCA 
+30%SLAG+ 
30FA+50% RFA 
*Means with the same letter are not significantly 
different. 
 
